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Abstract	
Invisible	to	arbuscular	mycorrhizal	fungi:	Positional	cloning	and	characterisation	of	a	novel	
arbuscular	mycorrhizal	mutant	in	Zea	mays	–	Bethan	Frances	Manley	
	
Arbuscular	 mycorrhizal	 fungi	 from	 the	 Glomeromycotina	 form	 a	 beneficial	 symbiotic	
relationship	with	the	root	systems	of	a	majority	of	plant	species,	enabling	plants	to	profit	from	
increased	phosphate	uptake	efficiency.	Further	understanding	of	this	interaction	may	prove	
vital	in	meeting	the	challenge	of	an	increasing	demand	for	phosphate	supply	in	agriculture.	
Establishment	of	this	symbiotic	interaction	relies	on	molecular	crosstalk	between	the	fungus	
and	the	plant	roots	in	the	rhizosphere,	even	before	physical	contact	has	occurred.	A	forward	
genetics	 screen	 has	 identified	 invisible	 to	 arbuscular	 mycorrhizal	 fungi	 (ina),	 a	 Zea	 mays	
mutant	phenotype	that	displays	a	complete	block	in	colonisation	when	inoculated	with	the	
arbuscular	 mycorrhizal	 fungus	 Rhizophagus	 irregularis.	 Extensive	 phenotyping	 has	
established	that	this	maize	mutant	lacks	the	ability	to	signal	to	its	symbiotic	partner	during	
the	 pre-symbiotic	 stage,	 abolishing	 the	 ability	 to	 initiate	 their	 beneficial	 relationship.	 To	
identify	the	impact	of	the	removal	of	this	signal,	a	transcriptomics	analysis	of	Rhizophagus	
irregularis	has	found	distinct	transcriptomic	signatures	when	spores	are	exposed	to	WT	and	
mutant	plant	exudates.	Positional	cloning	methods	have	identified	a	deleted	region	in	the	ina	
genome	 containing	 three	 candidate	 genes	 that	 may	 be	 responsible	 for	 this	 phenotype.	
Although	further	research	is	required	to	confirm	the	gene	behind	the	ina	phenotype,	it	was	
discovered	that	among	these	three	candidate	genes	is	the	ortholog	of	a	gene	with	a	known	
role	in	the	arbuscular	mycorrhizal	symbiosis,	STR2.	
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CHAPTER	1	
Introduction	
	
1.1	 An	introduction	to	the	Arbuscular	Mycorrhizal	symbiosis		
	
The	growth,	development,	and	evolutionary	history	of	terrestrial	plants	is	intricately	tied	to	
their	interactions	with	a	diverse	microbial	community.	Plants	provide	an	ecological	niche	for	
bacteria,	 protists,	 fungi,	 and	 archaea,	 and	 their	 interactions	with	 these	organisms	 include	
parasitism,	pathogenicity,	and	symbiosis	(1).	Nowhere	is	this	tight	linkage	between	plants	and	
their	microbial	 communities	more	apparent	 than	 in	 the	 rhizosphere,	where	plant-microbe	
interactions	may	open	up	new	avenues	for	plant	acquisition	of	soil-borne	nutrients	(2).	The	
rhizosphere	microbiome	includes	an	enormous	number	of	fungal	species	(3),	 including	the	
Arbuscular	 Mycorrhizal	 (AM)	 fungi	 from	 the	 subphylum	 Glomeromycotina	 that	 have	 an	
ancient	alliance	with	terrestrial	plants	(4).		
Although	the	plant	kingdom	has	diversified	and	adapted	to	a	plethora	of	available	niches	on	
land,	their	early	embryophyte	ancestors	that	first	colonised	the	terrestrial	environment	were	
likely	only	able	to	do	so	through	associations	with	symbiotic	fungi	(5).	Fossil	evidence	in	the	
Rhynie	Chert	from	the	Devonian	reveals	that	AM	fungi	are	incredibly	ancient	organisms	(6),	
and	there	is	increasing	evidence	that	fungi	transitioned	to	a	life	on	land	before	plants	(7)	and	
subsequently	facilitated	the	movement	of	plants	to	a	terrestrial	existence	(8).	Indeed,	plant	
genes	known	for	their	involvement	in	hosting	AM	fungi	have	been	identified	in	the	common	
ancestor	of	embryophytes	(9),	and	AM	fungi	currently	colonise	extant	liverworts	from	early	
plant	lineages	(10).		
The	association	between	plants	and	AM	fungi	was	likely	required	due	to	the	maladaptation	
of	early	plant	 lineages	 for	 the	uptake	of	 required	nutrients	 from	the	soil	 (11).	Despite	 the	
development	of	root	systems	that	have	evolved	for	the	efficient	acquisition	of	nutrients	from	
the	 soil,	 modern	 terrestrial	 plants	 still	 associate	 with	 AM	 fungi,	 and	 this	 mutualistic	
relationship	centres	on	the	exchange	of	nutrients	between	symbiotic	partners	(12).	AM	fungi	
form	extensive	hyphal	networks	in	the	soil	that	extend	beyond	the	boundaries	of	a	plant	root	
system	and	hence	are	highly	efficient	at	taking	up	soil-borne	nutrients	such	as	phosphate	(Pi)	
and	 nitrogen	 (N)	 to	 provide	 for	 their	 plant	 partner.	 In	 return,	 plants	 provide	
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photosynthetically-derived	carbon	to	AM	fungi	(13).	In	an	established	symbiotic	system,	the	
fungal	extraradical	hyphae	radiate	out	from	colonised	roots	and	form	an	in	interconnected	
network	between	different	plant	individuals	of	a	variety	of	species	and	life	stages	(14).	This	
creates	 a	 dynamic	 system	 whereby	 fungal	 hyphae	 originating	 from	 different	 germinated	
spores	fuse	to	create	a	foraging	web	for	exchange	of	nutrients	and	fungal	genetic	information	
(15-17).	
The	AM	symbiosis	has	a	major	impact	on	plant	nutrition	and	growth,	and	80%	of	all	terrestrial	
plant	species	engage	in	this	beneficial	relationship	(12).	AM	fungi	supply	significant	amounts	
of	P	to	plants	by	foraging	beyond	the	nutrient	depletion	zone	created	by	plant	root	systems	
(18),	and,	 in	industrial	agriculture,	may	reduce	the	leaching	of	nutrients	from	the	soil	(19).	
Due	to	 the	substantial	proportion	of	photosynthates	 that	plants	provide	 to	AM	fungi,	 it	 is	
likely	 that	 this	 symbiosis	 is	 an	 important	 component	 of	 the	 global	 carbon	 cycle	 (20,	 21).	
Understanding	 more	 about	 the	 AM	 symbiosis	 could	 prove	 to	 be	 hugely	 beneficial	 for	
developments	in	sustainable	agriculture	and	in	understanding	grassland	and	forest	ecologies	
(22).		
	
1.2		 	 The	pre-symbiotic	stage	of	the	AM	symbiosis	
	
AM	fungi	are	endosymbionts,	and	hence	colonise	and	form	structures	inside	the	cortical	cells	
of	 plant	 roots.	 Before	 a	 working	 symbiosis	 has	 been	 established,	 the	 AM	 fungi	 exist	 as	
dormant	spores	in	the	soil	(12).	Although	AM	fungal	spores	have	the	capability	of	germinating	
in	the	absence	of	a	plant	host,	they	are	unable	to	complete	their	life	cycle	without	a	symbiotic	
relationship	 with	 a	 suitable	 plant	 host	 (23).	 In	 order	 for	 the	 symbiotic	 relationship	 to	
commence,	the	two	organisms	exchange	signals	to	alert	one	another	to	their	presence,	and	
to	set	in	motion	a	suite	of	genetic	and	physiological	changes	that	commit	each	individual	to	a	
symbiotic	existence	(24,	25).		
	
1.2.1	 	 Plant-derived	signals	and	their	effects	on	AM	fungi	
	
It	has	long	been	known	that	compounds	produced	by	plant	roots	are	capable	of	inducing	the	
germination	and	branching	of	AM	fungal	spores.	A	primary	morphological	response	displayed	
by	AM	fungi	upon	recognition	of	signals	from	a	potential	host	plant	is	the	induction	of	hyphal	
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growth	 and	 branching	 that	 facilitates	 physical	 contact	 between	 fungus	 and	 plant	 (26-28).	
There	is	also	evidence	of	increased	fungal	metabolic	activity	(29),	potentially	fuelled	by	the	
consumption	of	storage	lipids	(30,	31),	and	extensive	changes	in	gene	expression	associated	
with	the	transition	from	dormancy	to	a	symbiotic	stage	of	the	AM	fungal	life	cycle	(32,	33).	A	
number	of	compounds	are	known	to	induce	these	morphological	and	genetic	changes	in	AM	
fungi	before	physical	contact	has	occurred,	and	it	is	likely	that	these	different	compounds	act	
together	 to	 produce	 a	 synergistic	 effect	 on	 the	 fungal	 symbiont,	 causing	 a	 number	 of	
responses	 required	 to	 begin	 the	 symbiotic	 phase	of	 this	 life	 cycle.	 Indeed,	 evidence	 from	
fractionation	 of	 plant	 root	 exudates	 suggests	 that	 a	 number	 of	 different	 compounds	 are	
responsible	for	inciting	a	response	in	AM	fungi	(34).	
	
1.2.1.1		 Strigolactones	
	
Strigolactones	(SLs)	are	a	class	of	plant	hormone	that	regulate	shoot	branching	(35),	and	were	
initially	 identified	due	 to	 their	 exudation	 from	 roots	 that	 influences	 germination	of	Striga	
lutea,	a	parasitic	weed	(36,	37).	It	was	later	identified	that	SLs	are	a	potent	activator	of	fungal	
germination	and	hyphal	branching,	and	that	this	was	associated	with	increased	respiration	
rate	in	AM	fungi	(29,	38,	39).		
SL	biosynthesis	relies	on	the	action	of	the	protein	DWARF27	(D27),	which	modifies	carotenes,	
before	 their	 cleavage	 by	 CAROTENOID	 CLEAVAGE	 DIOXYGENASE	 7	 (CCD7)	 and	 further	
modification	by	CAROTENOID	CLEAVAGE	DIOXYGENASE	8	(CCD8)	into	carlactone,	a	precursor	
of	SLs	(40).	Cytochrome	P450	monooxygenases	MORE	AXILLARY	GROWTH	1	and	1-like	(MAX1	
and	MAX1-like)	further	process	carlactone	into	the	different	forms	of	SLs	(41,	42).	Carlactone	
is	also	capable	of	 inducing	hyphal	branching	 in	AM	fungal	spores	 in	both	 its	synthetic	and	
naturally-occurring	forms	(43).		
SL	levels	are	increased	under	low	phosphate	growth	conditions,	likely	intensifying	the	signal	
for	a	symbiotic	fungal	partner	to	aid	phosphate	uptake	for	the	plant	(35).	This	exudation	of	
SLs	appears	 to	be	widespread	among	AM	hosts,	and	although	SLs	are	present	 in	 the	 root	
exudates	of	non-host	Arabidopsis	thaliana,	they	are	produced	at	much	lower	concentrations	
than	the	concentrations	produced	by	AM	host	plants	(44).	Despite	the	known	importance	of	
SLs	in	inducing	germination	and	hyphal	branching	of	AM	fungi,	mutants	of	the	SL	biosynthetic	
pathway,	including	CCD7	and	CCD8,	have	been	studied	in	multiple	plant	species,	and	do	not	
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show	abolished	AM	colonisation,	though	the	colonisation	level	is	reduced	compared	to	plants	
with	a	working	SL	biosynthetic	pathway	(45-47).	
A	transporter	responsible	for	exuding	SLs	from	roots	has	been	identified	in	Petunia	hybrida,	
and	mutants	of	this	gene,	ABC	transporter	PDR1,	display	reduced	AM	colonisation	to	a	level	
comparable	to	that	of	mutants	of	SL	biosynthesis	(48).		
	
1.2.1.2		 Chitinaceous	compounds		
	
The	discovery	of	NO	PERCEPTION	1	(NOPE1),	a	Major	Facilitator	Transporter,	shed	light	on	a	
novel	plant-derived	molecule	required	during	the	pre-symbiosis.	NOPE1	is	hypothesised	to	
transport	 an	N-acetylglucosamine	 (GlcNAc)-related	 compound,	 and	 in	mutants	 of	NOPE1,	
there	 is	a	severely	compromised	ability	of	AM	fungi	 to	colonise	roots.	When	R.	 irregularis	
spores	were	provided	with	root	exudates	produced	by	WT	and	nope1	mutant	plants,	a	distinct	
fungal	 transcriptomic	 response	was	 seen	 to	 the	 different	 genotypes.	 Spores	 treated	with	
nope1	exudates	responded	with	a	reduced	number	of	induced	transcripts	compared	to	spores	
treated	with	WT	 exudates	 (33).	 GlcNAc	 can	 act	 as	 a	 signal	 to	 induce	 hyphal	 growth	 and	
morphological	changes	in	filamentous	fungi	including	Candida	albicans	(49-51),	and	can	also	
be	utilised	as	a	sugar	substrate	by	fungi	(52),	therefore	it	is	highly	possible	that	the	GlcNAc-
related	compound	found	to	be	hugely	important	for	R.	irregularis	colonisation	of	plant	roots	
could	plausibly	act	as	either	signal	or	nourishment	substrate	for	the	fungus	during	the	pre-
symbiotic	stage	(33).		
	
1.2.1.3		 Flavonoids	
	
Flavonoids	are	another	compound	known	to	induce	hyphal	elongation	in	AM	fungi,	leading	to	
the	proposition	 that	 these	 compounds	were	one	of	 the	plant-derived	 signals	 that	 lead	 to	
activation	 of	 AM	 fungi	 (53-55).	 Additionally,	 flavonoids	 show	 differential	 accumulation	 in	
Medicago	 sativa	 roots	 according	 to	 symbiotic	 status	 (56)	 and	 have	 been	 implicated	 in	
increasing	 the	number	of	points	of	entry	 through	which	 the	 fungus	penetrates	 roots	 (57).	
However,	despite	their	effect	on	hyphal	growth,	flavonoids	were	found	to	be	dispensable	for	
pre-symbiotic	 interactions,	 as	 maize	 mutants	 deficient	 in	 the	 biosynthesis	 of	 flavonoids	
displayed	WT	levels	of	AM	colonisation	(58).		
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1.2.1.4		 Fatty	acids	
	
Fatty	 acids	 are	 receiving	 increasing	 attention	 as	 a	 stimulator	 of	 AM	 fungal	 spores	with	 a	
potential	role	in	pre-symbiotic	interactions.	An	initial	report	found	that	2-hydroxy	fatty	acids	
(FAs)	of	varying	chain	length	were	capable	of	stimulating	growth	and	branching	of	the	AM	
species	Gigaspora	gigantea.	This	response	to	2-hydroxy	FAs	was	not	observed	in	R.	irregularis,	
perhaps	due	to	the	inherent	difficulties	of	studying	hyphal	growth	patterns	in	this	species,	as	
R.	 irregularis	 spores	 are	 much	 smaller	 and	 more	 difficult	 to	 observe	 than	 the	 larger	 G.	
gigantea	spores	(59).	Recent	work	has	stimulated	hyphal	branching,	higher	metabolic	status,	
and	secondary	spore	 formation	 in	a	number	of	AM	fungal	species,	 including	R.	 irregularis,	
through	the	addition	of	a	number	of	distinct	FAs,	adding	weight	to	the	hypothesis	that	FAs	
play	a	role	in	pre-symbiotic	interactions	(60).		
	
1.2.2	 	 Symbiotic	fungal	signals	and	plant	perception				
	
AM	 fungi	 contribute	 to	 the	 pre-symbiotic	 molecular	 dialogue	 with	 their	 own	 signalling	
compounds	released	into	the	soil	to	prime	their	plant	hosts	for	existence	as	a	symbiont.	The	
fungi	 release	 a	 swathe	 of	 molecules	 upon	 germination	 in	 an	 analogous	 fashion	 to	 the	
production	 of	 root	 exudates	 by	 plants,	 and	 these	 AM	 fungal-produced	 compounds	 are	
collectively	termed	Germinated	Spore	Exudates	(GSE).	The	active	components	of	GSE	were	
identified	as	lipochitooligosaccharides	(LCOs)	and	the	short-chain	chitooligosaccharides	(COs)	
chitotetraose	(CO4)	and	chitopentaose	(CO5),	and	are	collectively	termed	Mycorrhizal	factors	
or	 ‘Myc’	factors	(61,	62).	When	R.	 irregularis	spores	were	incubated	with	the	synthetic	SL,	
GR24,	 the	 spores	 produced	 an	 altered	 GSE	 composition	 with	 increased	 short-chain	 CO	
concentrations,	and	was	more	potent	in	inducing	a	plant	response	(61).		
As	 well	 as	 chitinaceous	 molecules,	 a	 secreted	 protein,	 SL-INDUCED	 PUTATIVE	 SECRETED	
PROTEIN	 1	 (SIS1)	 (1.5.2),	 was	 identified	 that,	 when	 knocked	 down	 by	 host-induced	 gene	
silencing	 (HIGS),	 resulted	 in	 reduced	 colonisation,	 suggesting	 the	 positive	 regulation	 of	
colonisation	by	this	protein.	As	the	name	suggests,	SIS1	production	is	increased	by	treatment	
of	fungal	spores	with	SLs	(63).	
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1.2.2.1		 Plant	perception	of	chitinaceous	molecules				
	
Plants	encounter	an	array	of	microorganisms,	and	are	equipped	with	the	ability	to	recognise	
microbe-derived	 molecules	 called	 Microbe-Associated	 Molecular	 Patterns	 (MAMPs),	 an	
important	ability	for	recognising	potential	microbial	pathogens	that	may	cause	harm,	or	when	
recognising	 a	 potential	 symbiotic	 partner	 (64).	MAMPs	 are	 conserved	molecular	 features	
common	to	groups	of	microorganisms,	and		the	compounds	that	enable	plants	to	recognise	
fungi	are	largely	derived	from	the	fungal	cell	wall	that	is	composed	of	β-(1,3)	glucan	and	chitin	
assembled	 into	complex,	 fibrous	structures	 (65,	66).	Although	the	exact	composure	of	the	
fungal	 cell	 wall	 varies	 by	 species,	 chitin	 oligosaccharides	 formed	 from	 polymers	 of	 N-
acetylglucosamine	 (GlcNAc)	 are	 a	 ubiquitous	 component	 (66),	 and	 hence	 chitinaceous	
molecules	such	as	those	found	in	GSE	are	recognised	as	MAMPs	by	plants	(67).	Plants	identify	
MAMPs	through	membrane	receptors	that	recognise	ligands	and	form	protein	complexes	to	
transduce	recognition	of	a	microbial	component	through	to	cellular	signalling	pathways	(68).		
Although	the	ability	to	host	AM	fungi	 is	a	widespread	condition	within	the	angiosperms,	a	
subsection	of	these	form	an	additional	symbiotic	relationship	with	N-fixing	rhizobial	bacteria,	
a	phenomenon	referred	to	as	the	root	nodule	symbiosis	(69).	Like	AM	fungi,	rhizobia	engage	
in	pre-symbiotic	communications	with	their	legume	hosts,	and	produce	chitinaceous	signals,	
LCOs,	termed	Nodulation	(Nod)	factors,	that	act	as	signals	to	their	potential	plant	host	(70).	
Nod	 factors	 and	 AM-produced	Myc	 factors	 are	 both	 recognised	 by	 Receptor-Like	 Kinases	
(RLKs).	One	known	RLK	with	a	role	in	plant	perception	of	AM	fungi	is	SYMBIOSIS	RECEPTOR	
KINASE	(SYMRK)	(71),	which	activates	a	calcium-signalling	response	in	the	plant	host,	leading	
to	a	 suite	of	molecular	 and	gene	expression	 changes	 (61,	72).	 Known	components	of	 this	
calcium	 spiking	 response	 include	 cation	 channels	 localised	 to	 the	 nuclear	 envelope	 that	
counter	 the	 flux	 of	 Ca2+	 (73,	 74),	 a	 calcium-	 and	 calmodulin-dependent	 serine/threonine	
protein	kinase	(CCaMK)	required	for	translating	the	calcium	signal	to	cellular	responses	(75),	
and	 its	phosphorylation	 target,	CYCLOPS,	 that	 transduces	 the	 signal	 to	activate	 symbiosis-
related	 responses	 (76,	 77).	 The	 methods	 by	 which	 AM	 fungi	 and	 N-fixing	 rhizobia	 then	
physically	 contact	 their	 host	 and	 proceed	 to	 a	 symbiotic	 stage	 differ	 (78,	 79),	 but	 this	
conservation	 of	 the	 recognition	 of	 chemically-related	 chitinaceous	 molecules	 and	 initial	
signalling	mechanisms	 has	 led	 to	 the	 naming	 of	 this	 pathway	 as	 the	 Common	 Symbiosis	
Signalling	Pathway	(CSSP)	(80).		
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Plant	 Lysin	Motif	 (LysM)-RLKs	 such	 as	 rice	CHITIN	 ELICITOR	 RECEPTOR	 KINASE	 1	 (CERK1),	
homolog	of	the	legume	NOD	FACTOR	RECEPTOR	1	(NFR1),	recognise	MAMPs	during	immune	
responses	 (67,	 81).	 CERK1	 plays	 an	 additional	 role	 in	 the	 recognition	 of	 chitinaceous	
molecules	produced	by	fungi	during	the	AM	symbiosis	(81,	82),	and	is	required	for	the	calcium	
spiking	 response	 that	 occurs	 following	 plant	 perception	 of	 chitin	 (83).	Mutants	 of	 CERK1	
display	reduced	colonisation	by	AM	fungi,	highlighting	the	role	of	this	receptor	in	the	plant	
perception	of	pre-symbiotic	signals	(81,	82).	CERK1	is	known	to	form	a	receptor	complex	with	
CHITIN	 ELICITOR	 BINDING	 PROTEIN	 (CEBiP)	 during	 its	 role	 in	 immunity	 signalling	 and	 the	
recognition	 of	 pathogenic	MAMPs	 (81,	 84).	 However,	 mutants	 of	 CEBiP	 do	 not	 display	 a	
mycorrhizal	 phenotype,	 suggesting	 a	 role	of	CERK1	 in	 a	pathway	unique	 to	AM	symbiosis	
signalling,	one	that	does	not	require	all	components	of	immunity	signalling	(82).		
	
1.2.2.2		 Plant	perception	through	D14L		
	
SLs	 are	 a	 hugely	 important	 plant-derived	 signal	 during	 the	 pre-symbiosis	 (1.3.1.1),	 and	
understanding	plant	SL	signalling	 is	also	 important	when	considering	plant	perception	and	
preparation	for	a	symbiotic	encounter.	SL	signalling	in	plants	involves	F-box	protein-mediated	
proteolysis,	a	mechanism	that	 is	 commonly	 seen	 in	plant	hormone	signalling	 transduction	
(85).	The	F-box	proteins	MORE	AXILLARY	GROWTH	2	(MAX2)	and	DWARF	3	(D3)	in	A.	thaliana	
and	Oryza	sativa,	respectively,	are	responsible	for	the	transduction	of	SL	signals	(35).	Another	
essential	component	of	SL	signalling	transduction	is	the	α/β-hydrolase	DWARF14	(D14),	which	
acts	as	both	a	receptor	and	an	enzyme	(86),	and	interacts	with	MAX2	in	A.	thaliana	(87)	and	
D3	in	O.	sativa	(88).	SLs	are	a	class	of	butenolide,	as	are	karrikins,	molecules	found	in	smoke	
that	 causes	a	germination	 response	 in	 fire-chasing	plants.	The	A.	 thaliana	karrikin-sensing	
α/β-hydrolase	KARRIKIN	INSENSITIVE	2	(KAI2),	and	its	rice	homolog	DWARF14LIKE	(D14L),	act	
with	MAX2/D3	to	transduce	karrikin	signalling,	thus	MAX2/D3	is	a	shared	component	of	both	
strigolactone	and	karrikin	sensing	in	plants	(89,	90).		
A	seminal	discovery	in	AM	pre-symbiotic	communications	was	the	identification	that	D14L	is	
essential	for	colonisation	of	rice	by	AM	fungi,	first	noted	when	a	mutant	of	D14L	was	analysed	
that	displayed	a	complete	block	in	its	ability	to	host	R.	irregularis	(91).	Despite	the	fact	that	
D14L	binds	karrikin	and	transduces	karrikin	signalling,	it	is	not	karrikin	but	another,	unknown,	
ligand	 that	 binds	 D14L	 during	 AM	 symbiosis	 signalling,	 likely	 another	 butenolide,	 though	
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whether	this	is	endogenously	produced	in	planta	or	a	fungal-derived	signal	is	unknown	(91-
93).		
	
1.3	 	 Physical	contact	and	the	formation	of	internal	fungal	structures	
	
Once	 mutual	 recognition	 has	 occurred,	 and	 the	 AM	 fungal	 spores	 have	 recognised	 the	
presence	of	a	host	plant,	there	is	an	increase	in	hyphal	growth	in	the	direction	of	the	plant	
roots.	This	growth	through	the	soil	increases	the	chances	of	the	fungal	hyphae	meeting	the	
host	 root	 and	 enabling	 physical	 contact.	 The	degree	of	 hyphal	 branching	 depends	 on	 the	
proximity	of	a	germinating	AM	fungal	spore	to	a	suitable	host	root	system,	with	higher-order	
branching	taking	place	as	the	fungus	nears	a	root	(26,	94).	The	initiation	of	more	extensive	
branching	only	in	the	close	proximity	of	the	host	root	may	be	particularly	important	for	AM	
fungal	species	with	smaller	spores,	such	as	R.	irregularis,	due	to	their	reduced	capacity	for	
storage	of	energy	reserves	compared	to	species	that	produce	larger	spores,	such	as	Gigaspora	
species	(12).		
Once	physical	contact	between	the	plant	and	fungus	occurs,	the	fungal	hypha	swells	into	a	
bulbous	penetration	structure,	the	hyphopodium,	and	this	structure	enables	entry	into	the	
root	epidermal	cells	(95).	While	hyphopodium	formation	occurs,	root	epidermal	cells	undergo	
extensive	structural	changes.	Architectural	changes	in	the	distribution	of	plant	endoplasmic	
reticulum	 and	 cytoskeleton	 in	 these	 epidermal	 cells	 result	 in	 the	 formation	 of	 the	 pre-
penetration	apparatus	(PPA)	(78,	96).	The	PPA	acts	as	a	tunnel	through	the	cell,	and,	following	
penetration	into	the	plant	cell,	the	fungus	is	guided	through	this	tunnel	into	the	inner	root	
where	it	spreads	intercellularly	until	it	colonises	the	cortical	cells.	Here,	it	is	encased	in	a	plant	
membrane	compartment	that	separates	it	from	the	plant	cytosol,	termed	the	periarbuscular	
membrane	(PAM).	
There	are	 two	key	developmental	 strategies	adopted	by	AM	fungi	during	 their	movement	
through	the	root	cortical	cells,	Paris-type,	where	fungal	spread	is	exclusively	intracellular	and	
arbuscule	 coils	 are	 formed,	 and	 Arum-type,	 where	 hyphae	 move	 intercellularly	 before	
penetrating	 cortical	 cells	 to	 form	 neat	 lines	 of	 arbuscules	 (97).	 The	 well-studied	 lab	 AM	
fungus,	R.	irregularis	undergoes	an	Arum-type	development	upon	colonisation	of	a	majority	
of	studied	hosts	 (12),	 though	R.	 irregularis	growth	has	been	observed	to	 follow	Paris-type	
morphology	in	other	host	species	such	as	Brachypodium	distachyon	(98).		
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1.3.1	 	 The	formation	and	lifespan	of	arbuscules	
	
The	PAM	 is	 continuous	with	 the	plant	 cell	membrane,	 and	 changes	 its	dynamics	with	 the	
growth	of	the	fungus	(99).	Fungal	development	inside	cortical	cells	starts	as	a	thick	hyphal	
branch	and	later	undergoes	dichotomous	branching	to	create	finer	and	finer	branches	to	form	
an	 arbuscule,	 the	 core	 symbiotic	 structure	 responsible	 for	 nutrient	 exchange	 between	
partners	 (78).	 The	 PAM	 is	 a	 highly	 specialised	 structure	 that	 involves	de	 novo	membrane	
synthesis	during	arbuscule	formation	and	branching	(99,	100),	and	it	contains	its	own	unique	
membrane	proteins	required	for	symbiotic	nutrient	exchange	(101,	102).	Between	the	plant	
and	fungal	cell	walls	is	the	periarbuscular	space	(PAS),	the	area	where	nutrients	are	deposited	
by	one	symbiotic	partner	and	taken	up	by	another	(103).	
A	fully	established	AM	symbiosis	is	dynamic	and	involves	recurring	formation	and	senescence	
of	arbuscules,	so	that	a	root	system	at	a	later	stage	during	the	symbiosis	hosts	both	young	
and	 degrading	 arbuscules	 at	 the	 same	 time.	 Each	 individual	 arbuscule	 is	 short-lived	 and	
following	the	extensive	fine	branching	and	activity	for	2-3	days,	they	start	to	collapse	(104,	
105).	This	process	of	senescence	is	tightly	regulated	by	the	plant	through	symbiosis-specific	
regulators	of	arbuscule	degeneration	such	as	a	MYC-like	transcription	factor	(MYB1),	and	is	
associated	with	a	unique	transcriptional	program	including	the	induction	of	genes	encoding	
secreted	hydrolases	(106).	
	
1.3.2	 	 Spore	and	vesicle	formation		
	
At	later	stages	in	the	symbiosis,	the	fungus	produces	vesicles,	lipid	storage	bodies,	where	it	
likely	deposits	the	carbon	obtained	from	its	plant	host	(12,	107).	Lipids	are	also	stored	during	
the	 late	 stages	 of	 the	 symbiosis	 in	 the	 fungal	 spores	 (108).	 AM	 fungi	 are	 coenocytic	 and	
produce	multinucleate	 spores	 that	 germinate	 in	 response	 to	 the	 presence	 of	 a	 host	 and	
restart	the	initial	stages	of	the	symbiosis.	A	number	of	the	many	nuclei	within	these	spores	
are	 donated	 from	 parental	 hyphae	 into	 developing	 spores,	 and	 more	 arise	 from	mitotic	
divisions	within	the	spore	itself	(109).		
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1.4		 	 Nutrient	exchange	between	plants	and	AM	fungi	
	
The	 central	 purpose	 of	 the	 AM	 symbiosis	 is	 the	 cross-kingdom	 trade	 of	 nutrients.	 Plants	
provide	a	service	to	AM	fungi	that	they	provide	for	a	majority	of	the	world’s	heterotrophic	
organisms;	 they	 fix	carbon	 for	use	 in	organic	processes.	AM	fungi	are	auxotrophs,	and,	as	
opposed	to	numerous	other	auxotrophs	that	obtain	carbon	from	living	or	dead	plant	matter,	
Figure	1.1:	AM	fungal	colonisation	of	host	roots.	A)	Colonisation	proceeds	through	a	series	of	defined	steps:	1.	
Pre-symbiotic	 communication	 between	 plant	 and	 fungus	 involving	 the	 exchange	 of	 signaling	 compounds.	 2.	
Physical	contact	between	symbionts	results	in	the	formation	of	a	fungal	penetration	structure,	the	hyphopodium.	
3.	The	fungus	moves	through	the	outer	cortex.	4.	Arbuscules	are	formed	in	the	inner	cortical	cells.	5.	Lipid	storage	
vesicles	are	formed,	as	are	secondary	fungal	spores.	B)	Trypan	Blue	image	of	a	R.	irregularis	spore.	C)	Image	of	R.	
irregularis	forming	a	hyphopodium,	penetrating	the	maize	root	epidermis	and	passing	through	the	outer	cortex,	
stained	with	Trypan	Blue.	D)	Arbuscule	formation	in	maize	inner	cortical	cells	visualised	by	Trypan	Blue	staining.	E)	
Trypan	Blue	staining	of	a	R.	irregularis	vesicle.	 
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they	barter	for	plant-derived	carbon	by	providing	their	own	service	to	plants,	the	increased	
uptake	of	minerals	(12).		
	
1.4.1		 	 Nutrient	delivery	from	AM	fungi	to	plant	hosts	
	
AM	 fungi	 are	 able	 to	 provide	 soil	 nutrients	 to	 plants	 by	 extending	 their	 hyphal	 network	
beyond	the	reach	of	the	root	system	of	the	plant,	allowing	the	collection	of	minerals	such	as	
phosphate	from	areas	that	have	not	been	depleted	by	direct	uptake	from	plant	roots	(110).	
This	has	recently	been	studied	in	maize,	where	phosphate	uptake	was	positively	correlated	
with	the	size	of	extraradical	hyphal	network	in	the	soil	during	a	working	symbiosis	(111).	AM	
fungi	take	up	phosphate	from	the	soil	in	the	form	of	inorganic	phosphate	(Pi),	and	this	uptake	
occurs	via	high-affinity	symporters	facilitated	by	the	action	of	H+-ATPases	and	Na+-ATPases	
that	 counter	 the	 influx	 of	 Pi	 anions	 (112,	 113).	 The	 fungus	 converts	 Pi	 to	 chains	 of	
polyphosphate	(polyP)	for	translocation	from	extraradical	hyphae	to	intraradical	hyphae	(114-
116).	It	is	likely	that	polyP	is	then	hydrolysed	to	Pi	for	transport	to	the	plant	at	the	arbuscule	
interface	(117,	118).	
The	mechanism	by	which	the	fungus	unloads	its	phosphate	to	the	PAS	for	uptake	by	the	plant	
is	unknown	(119).	Considerably	more	is	known	about	how	the	plant	subsequently	acquires	
this	fungal-derived	phosphate	from	the	PAS.	Phosphate	is	transported	from	the	PAS	into	the	
arbuscule-containing	cortical	cells	by	phosphate	transporters	from	the	phosphate	transporter	
(PHT)	 family,	 specifically,	 by	 transporters	 from	 the	 subfamily	 PHT1,	whose	members	 also	
facilitate	direct	uptake	of	phosphate	from	the	soil	(120).	PHT1	family	members	required	for	
phosphate	uptake	at	 the	arbuscule	are	 induced	under	mycorrhizal	 colonisation	conditions	
when	they	can	be	seen	to	localise	to	the	PAM,	and	have	been	identified	in	a	number	of	plant	
species	(101,	105,	121-123).		
Though	 phosphate	 uptake	 is	 the	 most	 well-studied	 benefit	 provided	 to	 plants	 by	 their	
partnership	with	AM	fungi,	the	symbiosis	also	provides	N	to	plants.	N	is	taken	up	from	the	soil	
by	AM	fungi	and	assimilated	 into	amino	acids	for	transport	to	the	 intraradical	hyphae	and	
internal	fungal	structures,	where	it	is	subsequently	converted	and	predicted	to	be	transferred	
to	host	plants	as	ammonium	(124,	125).	Plant	ammonium	transporters	have	been	identified	
that	 localise	 to	 the	PAM	and	are	 transcriptionally	 induced	under	mycorrhizal	 colonisation	
conditions	(126,	127).	
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The	arbuscule	may	function	not	only	as	a	site	of	nutrient	transfer,	but	as	a	hub	where	the	
efficacy	of	 the	 symbiosis	 is	monitored.	Nutrient	uptake	 from	 the	arbuscule	 could	act	as	a	
measure	of	the	benefit	provided	by	the	hosted	fungus.	This	has	been	proposed	in	studies	of	
phosphate	transport	due	to	the	observation	that	arbuscules	collapse	prematurely	in	mutants	
of	the	mycorrhizal-specific	phosphate	transporters	in	M.	truncatula,	MtPT4,	and	rice,	OsPT11	
(122,	123).	 	The	early	collapse	of	 the	arbuscule	 in	 these	cases	may	prevent	 the	continued	
proliferation	of	 a	 fungus	 that	 the	plant	perceives	 to	be	of	 little	benefit	 (122).	 In	 rice,	 this	
nutrient	 sensing	 has	 been	 proposed	 as	 the	 purpose	 of	 an	 additional	 rice	 phosphate	
transporter,	 OsPT13.	 Mutants	 of	 OsPT13	 display	 reduced	 colonisation	 and	 stunted	
arbuscules,	yet	these	plants	do	not	show	a	reduced	transfer	of	Pi	to	plants,	 leading	to	the	
hypothesis	that	OsPT13	plays	a	role	in	monitoring	Pi	levels	in	arbusculated	cells	and	dictating	
arbuscule	development	based	on	this	sensing	(123).	Plant	monitoring	of	nutrient	exchange	
also	 involves	 N	 transfer	 by	 the	 fungus,	 according	 to	 observations	 that	 premature	
degeneration	 of	 arbuscules	 in	 Mtpt4	 individuals	 no	 longer	 occurs	 under	 N	 deprivation	
conditions,	suggesting	that	the	transport	of	N	to	the	host	plant	is	a	sufficient	signal	to	ensure	
a	normal	arbuscule	lifespan	despite	a	lack	of	phosphate	uptake	from	the	fungus	(128,	129).	
Mutants	of	an	ammonium	transporter	required	for	this	prolonged	lifespan	of	Mtpt4	displayed	
no	reduction	in	symbiotic	uptake	of	N,	suggesting	that	this	ammonium	transporter	fulfils	a	
signalling	purpose	(128).		
	
1.4.2		 	 Carbon	delivery	to	the	fungal	symbiont	
	
AM	fungi	are	obligate	biotrophs	and	hence	are	unable	to	complete	their	life	cycle	without	a	
host	 to	nourish	 them	with	 carbon	 (12).	 Estimates	place	 the	percentage	of	photosynthetic	
carbon	provided	from	a	plant	to	symbiotic	AM	fungi	at	4-20%,	and	thus	there	is	a	significant	
flow	of	carbon	from	plant	to	fungus	(130).	The	primary	form	of	carbon	provided	to	the	fungus	
is	a	question	that	has	received	particular	attention	in	recent	years.	
	
1.4.2.1		 Carbohydrates		
	
Intraradical	hyphae	of	AM	fungi	are	capable	of	direct	 carbohydrate	uptake	 in	 the	 form	of	
hexoses	such	as	glucose,	 though	substantial	uptake	has	not	been	observed	 in	extraradical	
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hyphae	(131-133).	Transmembrane	transporters	of	carbohydrates	have	been	identified	in	AM	
fungal	 species	 including	R.	 irregularis.	RiMST2	 is	 likely	expressed	 in	planta	 and	has	a	high	
affinity	for	glucose,	and	knockdown	of	RiMST2	expression	causes	reduced	colonisation	and	
abnormal	arbuscule	 formation	 (134).	Additional	monosaccharide	 transporters	RiMST5	 and	
RiMST6	have	also	been	identified	(135).		
Roots	colonised	by	AM	fungi	act	as	carbon	sinks,	where	sugars	are	directed	from	their	site	of	
production	 in	 leaves	 to	 roots	 (136).	 AM	 colonisation	 induces	 cell-specific	 induction	 of	
invertases	 near	 fungal	 structures	 (137),	 likely	 cleaving	 sucrose	 for	 use	 by	 the	 fungus	 as	
monosaccharides	(134).	The	hypothesis	that	carbohydrates	may	be	transported	to	AM	fungi	
within	 plant	 tissue	 is	 supported	 by	 the	 finding	 that	 the	 promoters	 of	 SUGARS	 WILL	
EVENTUALLY	 BE	 EXPORTED	 TRANSPORTERs	 (SWEETs),	 potential	 exporters	 of	
monosaccharides	and	disaccharides,	are	induced	in	root	tissue	colonised	by	AM	fungi	(138).		
Sugars	taken	up	by	intraradical	hyphae	within	the	plant	are	likely	incorporated	into	glycogen,	
before	their	exportation	to	extraradical	hyphae	(132,	139).	Despite	this	known	uptake	and	
transport	of	carbohydrates,	however,	carbon	 is	stored	 in	AM	fungi	predominantly	 in	 lipid-
form	(140).		
	
1.4.2.2		 Lipids	
	
It	has	been	known	for	some	time	that	 lipids	play	an	 important	role	 in	the	 life	cycle	of	AM	
fungi.	FAs	exist	in	AM	fungi	predominantly	in	the	form	of	16:0	and	16:1ω5	FAs,	palmitic	acid	
and	palmitvaccenic	acid,	respectively	(141,	142),	and	these	fungi	store	lipids	as	triacylglycerol	
(TAG)	(140,	143).		
The	de	 novo	production	 of	 FAs	 is	 carried	 out	 by	 a	 number	 of	 reactions	 conserved	 across	
kingdoms,	and	this	essential	metabolic	process	is	reliant	upon	the	enzyme,	or	set	of	enzymes,	
fatty	acid	synthase	(FAS)	(144).	Animals	and	some	fungi	possess	a	FAS	encoded	by	a	single	
protein	(145,	146),	whereas	other	fungi	produce	FAS	encoded	by	two	subunits	(147).	When	
known	features	of	FAS	from	animal	and	fungal	species	were	analysed	against	the	R.	irregularis	
genome,	 no	 multidomain	 FAS-encoding	 sequences	 could	 be	 found	 (143).	 Data	 from	 the	
genome	sequencing	of	AM	fungi	has	clarified	that	these	organisms	lack	genes	encoding	the	
machinery	 to	 synthesise	 16:0	 FAs	 de	 novo	 (148,	 149).	 However,	 research	 into	 lipid	
biosynthetic	pathways	of	AM	fungi	discovered	that	R.	 irregularis	and	G.	rosea	possess	 the	
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ability	to	elongate	and	desaturate	16-carbon	FAs,	and	that	transcripts	involved	in	elongation	
and	 desaturation	 were	 induced	 in	 intraradical	 hyphae	 upon	 colonisation	 of	 host	 roots.	
Although	AM	fungi	do	not	produce	their	own	FAs	de	novo,	they	clearly	have	a	source	of	FAs	
that	they	are	capable	of	processing	and	catabolising	for	their	needs	(143,	150).	
Therefore,	lipids	are	a	more	important	carbon	source	for	AM	fungi	than	previously	thought.	
The	hosts	of	AM	fungi	possess	biochemical	machinery	to	specifically	biosynthesise	lipids	for	
their	fungal	guests.	FA	synthesis	by	FAS	uses	acetyl-CoA	as	a	starting	unit	from	which	a	fatty	
acyl	chain	is	synthesised,	with	malonyl-ACP	as	a	donor	of	carbon	units	(151).	DISORGANISED	
ARBUSCULES	(DIS),	encoding	a	β-keto-acyl	ACP	synthase	1	(KAS1)	enzyme,	is	hypothesised	to	
produce	FAs	for	the	specific	purpose	of	providing	to	AM	fungi	(152,	153).	DIS	falls	into	the	
group	 of	 KAS1	 condensing	 enzymes	 that	 release	 a	molecule	 of	 CO2	 from	malonyl-ACP	 to	
extend	a	fatty	acyl	chain	during	successive	rounds	of	elongation.	Arbuscules	formed	within	
dis	mutants	are	stunted,	and	overall	AM	colonisation	is	reduced	compared	to	WT	plants.	DIS	
is	induced	in	colonised	tissue,	probably	to	increase	the	production	of	specific	lipids	to	provide	
for	the	AM	fungal	symbiont	(153).	
An	 additional	 lipid	 biosynthesis	 gene	 involved	 in	 producing	 lipids	 for	 AM	 fungi	 was	 first	
identified	due	to	its	conservation	in	AM	hosts.	This	gene	encodes	an	acyl-acyl	carrier	protein	
(ACP)	thioesterase	(Fat)	(154),	a	FA	biosynthetic	enzyme	that	acts	in	the	plastid	to	terminate	
the	 fatty	 acyl	 chain	elongation	and	 release	 free	 FAs	 (155).	M.	 truncatula	and	L.	 japonicus	
plants	defective	in	this	acyl-ACP	thioesterase,	named	FatM	(Fat	required	for	AM	symbiosis),	
were	distinguishable	from	WT	due	to	their	reduced	AM	colonisation	level	and	the	formation	
of	stunted	arbuscules	(154,	156,	157).	Plants	contain	three	classes	of	thioesterases,	FatAs,	
FatBs,	and	FatCs.	FatB	thioesterases	have	a	substrate	preference	for	hydrolysing	16:0-ACPs	
(158),	and	FatM	displays	the	highest	similarity	to	FatB	enzymes	(157).	FatB	 is	even	able	to	
complement	the	AM	phenotype	of	the	fatm	mutant,	to	a	similar	extent	to	complementing	
with	 the	 FatM	 gene	 itself,	 restoring	 WT	 arbuscules	 and	 high	 colonisation	 (156).	 It	 was	
concluded	 that	 FatM	 likely	 has	 similar	 FA	 specificities	 to	 FatB,	 and	 that	 the	mycorrhizal-
specific	function	of	this	enzyme	is	due	to	its	specific	expression	that	is	known	to	be	induced	
in	colonised	cells	containing	arbuscules	where	it	likely	produces	lipids	for	the	fungus	(156).	
A	previously-reported	gene,	REDUCED	ARBUSCULAR	MYCORRHIZATION	2	(RAM2)	(159),	was	
recently	found	to	act	downstream	of	DIS	and	FatM	(153).	Mutants	of	RAM2	were	identified	
due	to	severely	low	AM	colonisation,	and,	in	rare	patches	of	colonised	tissue,	the	observation	
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of	stunted	arbuscules.	RAM2	has	been	shown	to	be	required	for	the	accumulation	of	plant-
derived	lipids	in	AM	fungi	(160).	RAM2	is	specifically	induced	in	arbuscule-containing	cells	and	
encodes	a	glycerol-3-phosphate	acyl	transferase	(GPAT)	(161,	162).	GPATs	are	involved	in	the	
biosynthesis	of	membrane	and	storage	lipids	(163).	RAM2	is	a	member	of	a	GPAT	family	that	
produces	 16:0	 β-monoacylglycerols	 (β-MAGs)	 (161),	 which	 serve	 as	 precursors	 for	 cutin	
biosynthesis	(164).	Levels	of	these	β-MAGs	were	lower	in	ram2	and	dis	mutants,	and	thus	DIS	
probably	provides	FA	precursor	substrates	for	RAM2	to	produce	16:0	β-MAGs	(153).	A	parallel	
analysis	 on	 the	mutant	 phenotypes	 and	 lipid	 profiles	 of	RAM2	and	FatM	have	 led	 to	 the	
hypothesis	that	FatM	provides	16:0	FAs	that	may	serve	as	substrates	for	RAM2	to	convert	to	
16:0	βMAGs	to	provide	to	the	symbiotic	fungus	(156).		
Additional	hypothesised	players	in	this	pathway	to	provide	lipids	for	AM	fungi	are	STUNTED	
ARBUSCULE	1	(STR1),	and	STUNTED	ARBUSCULE	2	(STR2).	These	are	half-sized	ATP-binding	
cassette	 (ABC)	 transporters	 that	 have	 been	 studied	 in	M.	 truncatula	 and	 in	 rice.	 In	 both	
organisms,	mutants	of	STR1	and	STR2	support	severely	reduced	colonisation	and	host	small,	
stunted	arbuscules	(165,	166).	Half-size	ABC	transporters	are	known	to	transport	suberins,	
compounds	partially	composed	of	FAs,	and	lipids,	in	A.	thaliana	(167).	Mutant	phenotypes	of	
FatM,	RAM2,	and	the	STR	transporters	have	been	compared	in	one	analysis,	revealing	their	
similarity.	A	current	hypothesis	 is	 that	 the	half-sized	 transporters	STR1	and	STR2	 together	
export	16:0	βMAGs	from	the	plant	across	the	PAM	into	the	PAS	for	the	fungus	to	take	up	as	
a	carbon	source	(156).		
The	GRAS-transcription	factor	REDUCED	ARBUSCULAR	MYCORRHIZATION	1	(RAM1)	has	a	role	
in	producing	lipids	for	the	cross-kingdom	transfer	of	lipids	due	to	its	regulation	of	RAM2,	DIS	
and	STR	(153,	159,	168-170).	RAM1	is	highly	expressed	in	colonised	tissue,	where	it	regulates	
the	expression	of	RAM2	and	STR.	Mutants	of	RAM1	also	display	severely	 low	colonisation,	
and	in	these	individuals	the	induction	of	genes	required	for	fungal	lipid	provisioning,	RAM2,	
DIS,	and	STR	by	AM	colonisation	is	reduced	or	abolished	(153,	159,	168,	170).	An	additional	
GRAS-transcription	 factor,	 REQUIRED	 FOR	 ARBUSCULE	 DEVELOPMENT	 (RAD1),	 whose	
expression	is	regulated	by	RAM1,	is	also	known	to	exert	control	over	the	expression	of	STR	
genes,	and	rad1	mutants	display	stunted	arbuscules	and	reduced	STR	and	STR2	expression	
(168,	171,	172).	
In	 addition	 to	 the	 genetic	 evidence	highlighted	 above,	 lipid	 profiling	 experiments	 utilising	
heavy	carbon	isotopes	have	provided	some	evidence	for	the	transfer	of	lipids	from	plants	to	
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AM	fungi	(153,	170).	The	understanding	of	cross-kingdom	lipid	transfer	in	the	AM	symbiosis	
is	 still	 in	 its	 infancy,	 though	 increasing	 evidence	 is	mounting	 for	 a	 hugely	 important	 lipid	
export	 pathway	 in	 plants	 that	 functions	 solely	 to	 provide	 a	 carbon	 source	 for	 AM	 fungi.	
Though	16:0	β-MAGs	are	a	good	candidate,	it	is	yet	unknown	exactly	which	form	of	lipids	are	
transported	to	AM	fungi	 (153).	The	requirement	for	genes	 in	this	 lipid	export	pathway	for	
fungal	development	(153,	156)	and	the	use	of	TAGs	as	the	main	carbon	store	 in	AM	fungi	
highlights	that	lipids	are	an	essential	nutritive	source	for	this	fungal	symbiont	(140).		
	
1.5	 	 Fungal	genetics	and	genomics	
	
A	large	body	of	information	exists	on	AM	fungal	morphology	and	interactions	within	plants,	
and	now	an	increasing	resource	of	research	focusing	on	the	molecular	workings	of	the	fungal	
symbionts	themselves	is	available	due	to	advances	in	sequencing	technology.	Unravelling	the	
Figure	1.2:	 	Schematic	representation	of	fatty	acid	(FA)	production	and	delivery	to	AM	fungal	 symbionts.	
Lipids	are	synthesised	by	fatty	acid	synthase	(FAS)	in	the	plant	plastid,	where	KASI/DIS	and	FatM	are	active	in	
tissue	colonised	by	AM	fungi.	These	enzymes	produce	16:0	fatty	acids	(FAs)	which	are	further	processed	by	
RAM2,	another	mycorrhizal-induced	enzyme	that	produces	16:0	β-MAGs,	which	are	a	candidate	for	the	form	
of	 lipid	 that	 is	then	 transported	to	the	fungus.	The	complex	formed	by	the	 two	half-sized	ABC	transporters	
STR/STR2	is	predicted	to	transport	these	lipids	to	the	fungus,	though	this	has	yet	to	be	confirmed.		 
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molecular	 pathways	 of	 these	 fungi	 is	 essential	 in	 understanding	 the	 full	 picture	 of	 the	
symbiosis,	and	may	reveal	novel	findings,	such	as	the	initial	observation	that	AM	fungi	do	not	
possess	the	required	molecular	machinery	to	produce	FAs	(149).	
Research	into	AM	fungal	genetics	has	brought	a	strong	focus	onto	the	sexual	reproduction	of	
these	 fungi.	 It	 is	 yet	 unclear	 whether	 AM	 fungi	 are	 heterokaryotic	 (173),	 supporting	
populations	of	genetically	different	nuclei,	or	homokaryotic,	where	the	numerous	nuclei	are	
highly	 genetically	 similar	 (174,	 175).	 These	 spores	 are	 often	 described	 as	 asexual,	 and	
evidence	 based	 upon	 analyses	 of	 recombination	 rate	 have	 concluded	 that	 AM	 fungi	 are	
ancient	 asexual	 organisms	 and	 produce	 spores	 clonally	 (176).	 Recent	 evidence,	 however,	
suggests	 that,	not	only	do	AM	fungi	 show	signs	of	 infrequent	 recombination	 (177,	178),	a	
number	of	 species	contain	conserved	meiotic	genes	and	therefore	are	 likely	 to	be	able	 to	
undergo	conventional	meiosis	(179).	It	may	be	that,	although	the	predominantly	clonal	life	
history	 of	 these	 fungi	 contributes	 to	 their	 ecological	 success,	 these	 organisms	 are	 indeed	
capable	of	gene	exchange	and	sexual	reproduction,	though	the	environmental	conditions	that	
could	trigger	this	rare	sexual	stage	is	unknown	(175).	
	
1.5.1	 	 Available	AM	fungal	genome	sequencing	data		
	
The	most	well-studied	AM	 fungal	 species	 is	R.	 irregularis,	 and	one	 strain	of	R.	 irregularis,	
DAOM197198,	was	the	first	of	the	AM	fungi	to	have	its	whole	genome	sequenced,	revealing	
a	 large	 genome	of	 roughly	154Mb	with	 a	high	TE	 content	 (149).	 This	 is	 a	 sizable	 genome	
relative	to	other	fungi	such	as	those	from	the	Ascomycota	and	Basidiomycota	with	average	
genome	sizes	of	roughly	37Mb	and	47Mb,	respectively	(180).	R.	irregularis	has	continued	to	
be	a	focus	for	AM	fungal	genomics	(181).	A	further	five	 isolates	of	R.	 irregularis	have	now	
been	 sequenced	 and	 were	 concluded	 to	 be	 highly	 genetically	 divergent	 between	 coding	
regions	of	different	isolates,	leading	to	the	hypothesis	that	such	genotypic	differences	may	
be	one	of	the	factors	that	enable	AM	fungi	to	associate	with	such	a	wide	range	of	different	
plant	hosts	(182).			
To	date,	sequencing	data	is	also	available	on	AM	fungal	species	R.	clarus	(183),	R.	diaphanus,	
R.	cerebriforme	(184),	Diversispora	epigaea	(185),	and	Gigaspora	rosea	(184).	It	has	become	
clear	through	studies	of	these	diverse	AM	species	that	AM	fungi	encode	a	large	repertoire	of	
protein	kinases,	and	lack	genes	required	for	a	number	of	processes,	including	the	production	
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of	FAs	de	novo	and	the	degradation	of	plant	cell	walls	(183-185).	The	significance	of	the	loss	
of	these	metabolic	pathways	in	AM	fungal	ecology	is	striking	when	AM	fungal	genomes	and	
gene	 repertoires	 are	 compared	 to	 those	 of	 related	 fungi	 from	 the	Mucoromycotina	 and	
Mortierellamycotina,	 as	 the	 expansion	 and	 contraction	 of	 gene	 families	 along	 the	
evolutionary	trajectory	toward	a	symbiotic	life	cycle	is	visible	(184,	185).	
	
1.5.2	 	 Transcriptome	and	secretome	datasets	of	AM	fungi		
	
Understanding	 of	 the	 gene	 repertoire	 of	 AM	 fungi	 has	 been	 advanced	 through	
transcriptomics	 analyses.	 Transcriptomic	 datasets	 are	 available	 for	 spores,	 extraradical	
hyphae,	and	colonised	roots	in	R.	irregularis	(149,	186),	G.	rosea	(148),	and	G.	margarita	(187).	
Additional	datasets	have	analysed	R.	irregularis	transcripts	that	are	differentially	expressed	
in	response	to	different	phosphate	levels	(188).		
In	agreement	with	genomics	data,	AM	fungal	transcriptomes	reveal	conserved	features	that	
appear	 to	 be	 important	 for	 a	 symbiotic	 lifestyle,	 including	 the	 enrichment	 of	 transcripts	
associated	 with	 signal	 transduction,	 transport,	 and	 secreted	 proteins,	 and	 a	 lack	 of	 core	
metabolic	 pathway-encoding	 genes,	 such	 as	 the	 lack	 of	 FAS-encoding	 candidates	 and	
thiamine	synthesis	(148,	187,	189).		
Plant-colonising	fungi	are	entering	a	defended	territory	upon	colonisation,	and	are	recognised	
by	the	plant	 immune	system.	These	fungi	use	secreted	proteins,	effectors,	 in	a	number	of	
ways	such	as	suppressing	the	host	immune	response,	manipulating	the	host	cell	physiology,	
or	 shielding	 the	 fungus	 itself	 (190).	 Searching	 for	 secreted	 proteins	 of	 AM	 fungi	 became	
possible	with	 the	 availability	 of	 transcriptome	 datasets,	 and	 secreted	 proteins	 have	 been	
identified	 and	 characterised	 by	 searching	 for	 the	 signatures	 such	 as	 small	 size	 and	 the	
presence	 of	 signal	 peptides	 (191-193).	 Laser	 microdissection	 enabling	 analysis	 of	 specific	
stages	 of	 fungal	 symbiotic	 growth	 such	 as	 extraradical	 hyphae,	 interradical	 hyphae,	 and	
arbuscules,	has	shown	that	a	different	subset	of	secreted	proteins	may	be	important	in	each	
stage	of	the	symbiosis	(194).	
The	first	AM	fungal	secreted	protein	to	be	studied	was	SECRETED	PROTEIN	7	(SP7),	which	was	
focused	 on	 due	 to	 its	 homology	 to	 repeat-containing	 proteins	 from	Plasmodium	 that	 are	
expressed	during	host	invasion.	It	was	demonstrated	that	SP7	is	localised	to	the	nucleus	and	
can	 cross	 the	 plant	 membrane,	 and	 overexpression	 of	 the	 gene	 encoding	 SP7	 causes	
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enhanced	 mycorrhizal	 colonisation	 of	 transformed	 ‘hairy	 root’	 cultures	 (195).	 Recent	
evidence	supports	a	possible	role	of	SP7	at	the	root	epidermis,	as	extraradical	hyphae	close	
to	host	roots	expressed	SP7	at	higher	levels	than	hyphae	further	away	in	the	soil	(196).	
The	 R.	 irregularis	 putative	 secreted	 protein	 SL-INDUCED	 PUTATIVE	 SECRETED	 PROTEIN	 1	
(SIS1)	was	selected	for	further	study	due	to	its	high	expression	in	SL-treated	spores	and	in	
colonised	 host	 plant	 tissue	 compared	 to	 non-treated	 control	 spores.	 SIS1	 function	 was	
validated	by	HIGS	knockdown	of	expression,	which	resulted	in	reduced	colonisation	levels	and	
the	 presence	 of	 stunted	 arbuscules	 compared	 to	 control	 root	 colonisation,	 where	 SIS1	
expression	and	arbuscule	morphology	was	WT.	The	presence	of	the	putative	secreted	protein	
SIS1	may	have	a	positive	regulatory	effect	on	the	colonisation	of	host	plants	(63).		
Further	 studies	 characterised	 the	 additional	 secreted	 proteins	 RiSLM,	 a	 chitin-binding	
putatively-secreted	LysM	protein	in	R.	irregularis	that	is	induced	in	mycorrhizal	roots	(197),	
and	R.	irregularis	CRINKLER	EFFECTOR	1	(RiCRN1)	that	was	demonstrated	to	be	important	for	
the	WT	progression	of	the	symbiosis	and	arbuscule	development	(198).		
The	 secretomes	 of	R.	 clarus	 (193),	R.	 proliferus	 (192),	and	G.	 rosea	 (191)	have	 also	 been	
studied.	AM	fungi	likely	produce	a	core	set	of	conserved	secreted	proteins,	though	there	is	a	
clear	difference	in	effector	repertoire	in	more	distantly-related	species	(191-193).	Research	
into	AM	fungal	 secretomes	has	 revealed	 the	 likely	 importance	of	 secreted	proteins	 in	 the	
different	 life	 cycle	 stages	 and	 host	 interactions	 AM	 fungi	 undergo.	 The	 secreted	 proteins	
described	here	are	some	of	the	more	well-studied	genes	encoded	by	AM	fungal	genomes,	
due	to	their	frequency	in	the	transcriptome	and	the	potential	 interesting	effects	they	may	
have	on	host	plants	(174,	196).	
	
1.5.3	 	 Functional	characterisation	of	AM	fungal	genes		
	
Expression	analyses	are	useful	initial	steps	toward	understanding	gene	function	in	AM	fungi,	
as	the	spatial	and	temporal	regulation	of	fungal	genes	may	act	as	clues	to	when	and	where	
they	function	(199).	For	example,	R.	irregularis	phosphate	and	ammonium	transporters	were	
observed	to	be	induced	in	extraradical	hyphae	during	colonisation,	leading	to	hypotheses	that	
these	transporters	are	involved	in	uptake	of	their	respective	nutrients	for	transfer	to	the	host	
plant	(200-202).		
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Functional	 characterisation	 needs	 to	 be	 carried	 out	 to	 develop	 an	 understanding	 on	 the	
biological	relevance	of	genes	revealed	during	transcriptomics	analyses	of	AM	fungi.	Reverse	
genetics	 methods	 that	 mutate	 genes	 of	 interest	 and	 study	 mutant	 phenotypes	 are	 key	
methods	 for	 understanding	 gene	 function,	which	 requires	mutagenesis	 of	 the	 genome	or	
genetic	transformation	of	the	organism	in	question	(203).	Particle	bombardment	allowing	for	
transformation	of	G.	rosea	has	previously	been	carried	out	(204,	205),	and	this	has	also	been	
attempted	with	R.	 irregularis,	 though	 stability	 of	 transformation	was	 not	 achieved	 (206).	
Transformation	of	AM	fungi	has	thus	far	proven	challenging	and	is	currently	not	an	available	
tool	for	developing	an	understanding	of	AM	fungal	genetics,	largely	due	to	the	multinucleate	
state	of	these	fungi	(205).	Despite	this	core	difficulty,	several	AM	fungal	genes	are	known	and	
possible	 functions	 postulated,	 and	 alternative	 methods	 are	 being	 used	 to	 enhance	
understanding	of	AM	fungal	gene	function.	
RNA	interference	(RNAi)	can	be	used	as	a	tool	for	reverse	genetics	analyses.	Due	to	a	lack	of	
transformation	protocol	for	AM	fungi,	this	method	has	been	used	in	the	transformation	of	
host	plants	with	constructs	 that	 target	 fungal	genes.	A	 transformed	host	 is	 relied	upon	to	
produce	small	RNAs	that	are	transferred	to	the	fungal	partner	in	colonised	tissue,	causing	the	
fungal	RNA	silencing	machinery	to	reduce	expression	of	 the	gene	of	 interest.	This	enables	
knockdown	and	understanding	of	R.	irregularis	gene	function	in	colonised	tissue,	but	its	use	
is	limited	to	those	stages	of	the	AM	fungal	life	cycle	where	the	fungus	is	in	direct	contact	with	
the	host	plant,	and	may	not	be	applied	to	pre-symbiotic	stages	(63,	198).	Expression	of	fungal	
monosaccharide	transporter	MST2	(1.4.2.1)	has	been	reduced	using	RNAi,	enabling	analysis	
of	 its	 knockdown	 phenotype	 and	 the	 identification	 that	 it	 is	 required	 for	 WT	 levels	 of	
colonisation	and	arbuscule	development	(134).	Additionally,	expression	of	R.	irregularis	14-3-
3-encoding	genes	was	reduced	using	RNAi	in	host	plants.	14-3-3	proteins	bind	and	regulate	
diverse	 signalling	 proteins	 such	 as	 kinases,	 phosphatases,	 and	 transmembrane	 receptors.	
RNAi-mediated	knockdown	of	these	genes	impaired	arbuscule	formation	and	resulted	in	the	
reduced	expression	of	plant	phosphate	transporter	MtPT4,	suggesting	an	essential	role	for	
this	gene	in	associations	with	host	plants	(207).		
A	number	of	AM	fungal	genes	have	been	functionally	characterised	by	taking	advantage	of	
the	established	transformation	systems	of	Saccharomyces	cerevisiae	(yeast).	 In	the	case	of	
the	R.	 irregularis	 ammonium	 transporters	AMT1	 and	AMT2,	 functionality	 was	 studied	 by	
expressing	these	transporters	in	a	triple	knockout	of	yeast	with	impaired	ammonium	uptake.	
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AMT1	and	AMT2	expression	 in	 this	 yeast	mutant	 restored	growth,	demonstrating	 roles	 in	
ammonium	uptake	(201,	202).	This	same	method	was	applied	to	studying	genes	potentially	
involved	in	AM	fungal	nitrogen	assimilation	and	transfer	(208).		
In	addition	to	complementation	of	yeast	mutants,	AM	fungal	genes	can	be	studied	through	
their	expression	in	transformable	fungi.		This	method	was	used	when	a	R.	irregularis	gene	was	
identified	 with	 sequence	 homology	 to	 the	 STE12	 transcription	 factors	 (TFs)	 which	 are	
necessary	for	early	host	infection	in	hemibiotrophic	pathogenic	fungi	including	Magnaporthe	
and	Colletotrichum	species	(209).	Fungal	pathogens	of	plants	display	a	wide	array	of	life	cycle	
strategies,	with	some	obtaining	organic	sustenance	from	the	living	host,	the	biotrophs,	and	
others,	 the	nectrotrophs,	killing	hosts	to	 live	off	 their	organic	compounds.	Hemibiotrophic	
pathogens	display	life	cycles	that	begin	with	a	biotrophic	stage	causing	no	harm	to	the	plant,	
as	AM	fungi	do,	followed	by	a	nectrotrophic	stage	that	kills	the	plant	host	(210).	Expression	
of	RiST12	in	a	mutant	of	the	hemibiotrophic	fungus	Colletotrichum	lindemuthianum	impaired	
in	penetration	of	plant	hosts	restored	the	ability	of	this	fungus	to	infect	its	host	(211).	The	
function	 of	R.	 irregularis	 transmembrane	 protein	 PREFERENTIALLY	 EXPRESSED	 IN	PLANTA	
(PEIP1)	was	also	studied	through	its	expression	in	a	transformable	fungal	species.	As	its	name	
suggests,	PEIP1	is	expressed	in	colonised	plant	tissue.	PEIP1	was	expressed	in	Oidiodendron	
maius,	a	fungus	that	intracellularly	colonises	the	root	cells	of	ericaceous	shrubs.	Expression	
of	PEIP1	 in	O.	maius	enabled	a	higher	colonisation	rate	of	the	roots	of	 its	host,	Vaccinium	
myrtillus,	compared	to	WT	colonisation	levels	for	this	system,	implicating	a	role	of	PEIP1	in	
endosymbiosis	establishment	(212).	
Validation	of	the	predicted	fungal	gene	complement	can	be	aided	by	proteomics	analyses,	
and	several	proteomics	datasets	have	been	produced	using	AM	fungi	(213,	214).	A	proteomic	
profiling	of	the	extraradical	hyphae	of	R.	irregularis	was	unable	to	assign	a	function	to	53.6%	
of	the	total	identified	proteins,	with	the	majority	of	these	unassigned,	hypothetical	proteins	
(85.8%),	being	specific	to	the	Glomeromycotina.	This	work	demonstrates	the	difficulties	that	
may	be	incurred	when	studying	molecular	regulation	of	the	AM	symbiosis,	and	the	drawbacks	
in	 attempting	 to	 infer	meaning	 from	 sequencing	 datasets	 of	 AM	 fungi	 that	 are	 currently	
poorly	understood	(215).	Although	these	mechanisms	exist	to	study	AM	fungal	gene	function,	
due	to	the	likely	high	percentage	of	unique	protein-encoding	genes	and	lack	of	transformation	
pipeline	 to	 study	 them	 in	 AM	 fungal	 species	 themselves,	 there	 is	 currently	 a	 limited	
understanding	of	the	AM	fungal	gene	repertoire	and	its	functions.		
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1.6	 	 Maize	as	a	model	plant	to	study	the	genetics	of	the	AM	symbiosis	
	
The	AM	symbiosis,	 and	particularly	 its	 genetic	 regulation,	 has	been	 studied	extensively	 in	
model	legume	species	that	also	engage	in	the	root	nodule	symbiosis	such	as	L.	japonicus	(74,	
152,	157)	and	M.	truncatula	(101,	159).	Rice	has	been	used	as	a	monocotyledonous	model	to	
study	the	genetics	behind	the	AM	symbiosis	 including	identification	of	mycorrhizal-specific	
phosphate	 transporters	OsPT11	and	OsPT13	 (121,	123),	half-sized	ABC	transporters	OsSTR	
and	OsSTR2	(165),	receptor	D14L	(91),	and	PAM-localised	receptor-like	kinase	OsARK1	(216).	
Developing	an	understanding	of	how	the	symbiosis	works	in	rice	is	hugely	important,	as	it	is	
difficult	to	extrapolate	findings	from	such	a	small	subsection	of	the	angiosperm	population,	
the	species	that	host	nitrogen-fixing	rhizobia,	without	also	studying	additional	model	species	
(79).			
Zea	mays	(maize)	is	a	monocotyledonous	plant	that	is	an	essential	crop	species.	Maize	is	the	
second	 most	 highly	 produced	 crop	 in	 the	 world,	 though	 it	 is	 the	 crop	 with	 the	 most	
widespread	distribution,	grown	in	seventy	countries,	and	is	a	hugely	important	dietary	staple	
in	developing	nations	(217).	In	developing	nations,	a	vast	majority	of	maize	produced	is	by	
small-scale	farming	methods		that	do	not	supply	a	huge	quantity	of	nutrient	fertiliser	(217),	
and	this	system	could	be	one	of	the	key	beneficiaries	of	the	AM	symbiosis	(218,	219).	As	such,	
studying	 the	 AM	 symbiosis	 in	 maize	 is	 important	 for	 translational	 research.	Maize	 has	 a	
sequenced	 reference	 genome	 with	 gene	 model	 annotation	 (220,	 221),	 and	 a	 number	 of	
inbred	 lines	 have	 been	 sequenced	 (222-224).	 In	 addition,	 transformation	 using	 clustered	
regularly	interspaced	short	palindromic	repeats	(CRISPR)-CRISPR	associated	protein	9	(Cas9)	
genome	editing	is	possible	in	maize,	making	this	a	viable	system	to	study	the	genetics	behind	
the	AM	symbiosis	(225,	226).		
Although	maize	is	not	one	of	the	core	model	species	used	to	study	the	AM	symbiosis,	it	was	
a	forward	genetics	screen	in	maize	that	enabled	the	identification	of	NOPE1,	the	transporter	
of	a	GlcNAc-related	compound	that	is	required	for	AM	colonisation	(1.2.1.2),	and	that	has	a	
conserved	 function	 in	 other	 AM-host	 species	 (33).	 In	 addition	 to	NOPE1,	 the	 phosphate	
transporter	ZmPT6,	the	ortholog	of	key	PAM-localised	phosphate	transporters	MtPT4	and	rice	
OsPT11	 (1.4.1)	 has	 been	 studied	 in	 maize,	 and	 this	 transporter	 is	 also	 induced	 under	
mycorrhizal	conditions	(111,	227-229).	Additional	research	into	the	AM	symbiosis	 in	maize	
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has	found	that	maize	inbred	lines	display	large	differences	in	the	extent	to	which	they	benefit	
from	hosting	AM	fungi	and	that	the	extent	of	extraradical	hyphae	formed	outside	the	root	is	
a	better	 indicator	of	the	benefits	received	from	the	symbiosis	than	the	percentage	of	root	
colonised	by	internal	fungal	structures	(111,	230).	Additional	studies	aiming	to	understand	
maize	as	a	host	for	AM	fungi	have	been	largely	based	on	ecological	and	field-level	research	
(231-233).	
Aside	 from	 these	 examples,	 the	 genetic	 components	 and	 their	 mutant	 phenotypes	 and	
functions	discussed	in	this	introduction	have	not	been	studied	in	maize,	and	it	may	not	be	
safe	to	assume	a	similar	regulation	of	the	AM	symbiosis	to	that	identified	in	rice,	particularly	
due	to	the	life	history	of	maize	as	an	ancient	tetraploid	(234,	235).	
	
1.6.1	 	 Carrying	out	a	forward	genetics	screen	in	maize	
	
One	of	the	methods	by	which	to	conduct	a	forward	genetics	screen	in	maize	is	through	the	
transposable	element	systems	that	exist	in	this	species,	such	as	the	Mutator	(Mu)	elements	
(236,	 237).	 Plants	 of	 the	 Robertson’s	Mu	 strain	 contain	 a	 large	 number	 of	 copies	 of	Mu	
elements	with	a	high	rate	of	transposition	leading	to	a	high	mutation	frequency,	making	this	
system	highly	effective	in	generating	lines	where	the	Mu	element	has	interrupted	a	potential	
gene	of	 interest	 (238).	The	Mu	 lines	contain	an	active	transposon,	the	MuDR	autonomous	
element,	that	excises	and	inserts	nonautonomous	Mu	elements	 into	unlinked	areas	of	the	
genome,	often	in	gene-rich	regions	(239).			
This	Mu	system	was	utilised	in	a	screen	aiming	to	identify	novel	plant	genes	involved	in	the	
AM	symbiosis.	The	Mu-mutagenised	lines	were	examined	for	perturbations	in	the	interaction	
between	maize	and	R.	irregularis	by	screening	for	changes	in	the	accumulation	of	the	yellow	
chromophore,	 mycorradicin	 (240).	 Maize	 root	 systems	 that	 have	 formed	 a	 functional	
symbiosis	with	AM	fungi	accumulate	mycorradicin,	causing	the	roots	to	appear	visibly	yellow	
(241).	 In	 comparison,	 non-colonised	 roots	 are	 pale	 white	 in	 colour.	 Mycorradicin	 is	 an	
apocarotenoid	formed	upon	oxidative	cleavage	of	a	carotenoid	precursor,	and	accumulates	
late	 during	 the	 symbiotic	 relationship,	 when	 the	 arbuscules	 within	 cortical	 cells	 begin	 to	
degrade	(242).	This	chromophore	accumulation	is	a	phenomenon	unique	to	the	Poaceae,	and	
it	is	exclusively	observed	in	roots	that	are	colonised	by	an	AM	fungus.	Attempts	to	encourage	
the	 accumulation	 of	 this	 chromophore	 using	 an	 increase	 in	 nutrient	 levels	 or	 hormone	
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treatment	has	proved	unsuccessful	(243).	Mycorradicin	accumulation	is	therefore	a	specific	
and	 useful	 tool	 in	 carrying	 out	 a	 high-throughput	 screen	 of	 mutagenised	maize	 lines	 for	
alterations	 to	 root	 colonisation	 properties	 by	R.	 irregularis.	As	 such,	 a	 number	 of	mutant	
phenotypes	were	identified	based	on	mycorradicin	accumulation	in	1,250	Mu-mutagenised	
maize	 lines.	 Seven	 lines	 were	 observed	 where	 mycorradicin	 phenotype	 was	 stable	 and	
heritable,	and	of	these,	one	displayed	increased	yellow	accumulation,	four	displayed	patchy	
or	 reduced	 accumulation,	 and	 two	 were	 identified	 due	 to	 an	 absence	 of	 mycorradicin	
accumulation	(240).	A	result	of	this	forward	genetics	screen	was	the	discovery	of	the	Major	
Facilitator	Transporter	NOPE1	(1.2.1.2),	identified	due	to	a	lack	of	accumulation	of	this	yellow	
pigment	 in	 mutant	 roots,	 caused	 by	 a	 strongly	 reduced	 colonisation	 level	 (33).	 The	
identification	 of	 this	 component	 of	 the	 symbiosis	 highlights	 the	 potential	 of	 this	 forward	
genetics	screen	in	monocotyledonous	plants,	and	further	important	components	of	the	AM	
symbiosis	may	yet	be	discoverable	through	the	additional	mycorradicin	phenotypes	observed	
during	the	screen	(33,	240).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	1.3:	 	Accumulation	of	 the	 yellow	pigment	mycorradicin	 in	 the	 root	systems	of	colonised	 and	non-
colonised	Z.	mays	plants.	Maize	plants	were	grown	for	6	weeks	in	the	presence	or	absence	of	R.	 irregularis	
inoculum.	The	two	individuals	not	provided	with	inoculum	(-	R.	irregularis)	have	pale	white	root	systems,	while	
two	individuals	grown	with	fungal	inoculum	(+	R.	irregularis)	display	an	accumulation	of	mycorradicin,	causing	
the	root	systems	to	appear	visibly	yellow. 
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1.7	 	 Research	objectives		
	
Identifying	novel	molecular	components	of	the	symbiosis	has	the	potential	to	greatly	enhance	
understanding	of	this	widespread	and	important	mutualistic	relationship	(33).	Following	the	
identification	of	two	maize	mutant	lines	that	appeared	unable	to	form	a	functional	symbiosis	
with	R.	irregularis	(240),	this	PhD	project	aimed	to	understand	the	biological	and	underlying	
genetic	defect	behind	the	novel	invisible	to	arbuscular	mycorrhizal	fungi	(ina)	mutant,	which	
is	 unable	 to	 associate	 with	 R.	 irregularis.	 Initial	 observations	 of	 this	 mutant	 phenotype	
suggested	the	possibility	of	erroneous	communication	during	the	initial,	pre-symbiotic,	stages	
of	the	symbiosis	(240),	and	this	research	intended	to	examine	the	cause	of	such	a	strong	block	
in	 fungal	 colonisation.	 A	 core	 focus	 of	 this	 PhD	 project	 has	 been	 the	 phenotypic	
characterisation	of	the	ina	mutant	through	well-established	techniques	used	to	understand	
arbuscular	mycorrhizal	mutant	phenotypes.	Initial	phenotypic	analyses	involved	plant	growth	
experiments,	inoculating	mutant	plants	with	the	AM	fungus	R.	irregularis	and	examining	the	
effect	of	growing	ina	mutants	with	WT	nurse	plants.	Visual	phenotyping	required	microscopic	
analyses	 to	 assess	 the	extent	of	 fungal	 colonisation	and	 fungal	 structures	 associated	with	
mutant	roots.	Research	into	the	ina	phenotype	led	to	the	conclusion	that	an	analysis	of	how	
R.	irregularis	responds	to	the	presence	of	ina	mutant	plants	is	required,	and	this	was	carried	
out	 by	 RNA-Sequencing	 experimentation	 on	 spores	 of	 R.	 irregularis.		
Another	important	objective	of	this	project	has	been	the	elucidation	of	the	underlying	genetic	
defect	in	the	ina	mutant	line	through	positional	cloning	methods.	Identification	of	the	gene	
behind	this	mutant	line	is	required	to	establish	whether	a	known	AM	symbiosis	component	
is	the	causal	candidate.	This	work	aims	to	identify	the	causal	genetic	defect	in	the	ina	genome	
to	further	understand	the	biological	mechanisms	of	this	novel	phenotype,	and	to	establish	
where	 this	 molecular	 component	 may	 fit	 into	 known	 pathways	 that	 regulate	 the	 AM	
symbiosis.		
	
1.8	 	 Contribution	of	others	
	
All	research	described	in	this	thesis	was	the	work	of	myself,	with	the	exception	of	elements	
of	the	positional	cloning	work	described	in	Chapter	4.	All	plant	growth	and	phenotyping	for	
positional	cloning	purposes	was	carried	out	by	myself	in	Cambridge,	UK.	Genotyping	for	rough	
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mapping	of	the	INA	locus,	and	subsequent	genotyping	by	seed	chipping,	(4.2.3)	was	carried	
out	 by	 Corteva	AgriScience	 (IA,	USA).	 Analysis	 of	 the	 genotyping	 data	was	 carried	 out	 by	
myself	(4.2.4)	using	the	facilities	at	Corteva	AgriScience	(IA,	USA)	as	part	of	the	BBSRC	iCASE	
studentship	program.	All	other	experimentation	described	in	Chapter	4	was	carried	out	by	
myself.		
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CHAPTER	2	
	 		
Materials	and	Methods	
	
2.1		 	 Plant	growth	
	
2.1.1		 	 Z.	mays	material	and	sterilisation	
	
Initial	seed	lines	containing	the	ina	mutation	were	provided	by	Istituto	Sperimentale	per	la	
Cerealicoltura,	Sezione	di	Bergamo	 (240).	The	mutant	 individuals	were	crossed	 to	Z.	mays	
inbred	lines	B73	and	W22,	and	to	a	Mu	killer	line	in	the	W22	background	(244).	For	positional	
cloning,	 F2	 populations	 segregating	 for	 the	 ina	mutation	 were	 used.	 For	 all	 experiments	
requiring	the	homozygous	(HMZ)	ina	mutant	and	a	control	WT	line,	F3	seed	lines	produced	by	
self-pollination	of	HMZ	ina	or	HMZ	WT	individuals	from	segregating	populations	were	used.		
A	maize	seed	line	segregating	for	a	Dissociation	(Ds)	(245)	transposable	element-generated	
insertion	mutation	within	ZmNOPE1	was	used	to	obtain	HMZ	Zmnope1	material	for	this	study	
(33).	Maize	inbred	line	W22	was	used	as	a	WT	control	for	this	material.	
Before	growth,	all	Z.	mays	kernels	were	sterilised	by	washing	with	3%	sodium	hypochlorite	
for	5	minutes,	followed	by	washing	with	autoclaved	de-ionised	water	(diH2O)	3	times.	Seeds	
were	then	pre-germinated	for	3	days	on	moist	filter	paper	at	30°C	in	the	dark.		
	
2.1.2	 	 O.	sativa	material	and	sterilisation	
	
The	 rice	 d10	mutant	 used	 in	 this	 research,	 harbouring	 point	 mutations,	 was	 previously	
described	(88,	246),	as	was	the	rice	d27	mutant	material,	caused	by	a	deletion	resulting	in	a	
truncated	translation	product	(247).	WT	rice	used	in	this	study	was	the	cultivar	Shiokari,	as	
the	 d10	 and	 d27	mutants	 were	 backcrossed	 into	 this	 background	 (88).	 Rice	 seeds	 were	
manually	de-husked	and	washed	with	3%	sodium	hypochlorite	for	30	minutes	on	a	Heidolph	
Plymax	 1040	 platform	 shaker	 (Schwabach,	 Germany).	 Following	 bleaching,	 seeds	 were	
	 35	
washed	3	times	with	diH2O.	Sterile	seeds	were	pre-germinated	on	0.7%	agarose	plates	sealed	
with	micro-pore	tape	at	28°C	for	four	days.		
	
2.1.3	 	 Production	of	fungal	crude	inoculum	
	
R.	irregularis	‘crude’	inoculum	was	produced	by	inoculating	Tagetes	patula	plants	grown	in	
5L	pots	of	sand	and	Terra	Green	(1:0.5	v/v)	with	approximately	3,000	R.	irregularis	spores	per	
pot.	Following	growth	for	two	weeks	and	watering	with	Reverse	Osmosis	(RO)	water,	plants	
were	 watered	 twice	 weekly	 with	 ½	 Hoagland’s	 Solution	 (Appendix:	 Table	 A1).	 After	 two	
months	of	growth,	colonisation	of	T.	patula	roots	was	examined	microscopically.	When	high	
colonisation	 levels	 (approximately	 80%)	 were	 achieved,	 watering	 of	 the	 T.	 patula	 plants	
ceased,	and	the	growth	medium	was	dried	out	over	a	period	of	roughly	three	weeks.	Dried	
above-ground	plant	material	was	cut	and	removed,	and	the	growth	mixture	containing	fungal	
spores,	hyphae,	and	pieces	of	colonised	root	was	sieved	and	used	as	a	source	of	inoculum.		
	
2.1.4	 	 Fungal	inoculation	and	maize	planting	
	
1L	pots	with	drainage	holes	were	used	for	Z.	mays	colonisation	assays.	The	drainage	holes	
were	covered	by	a	nylon	filter,	and	then	filled	with	damp	sand.	A	30mL	hole	was	bored	into	
the	sand	and	5mL	of	crude	inoculum	was	placed	inside.	Pre-germinated	kernels	were	placed	
atop	the	crude	inoculum	and	covered	by	sand.	Plants	planted	for	the	non-inoculated	control	
condition	were	planted	without	the	addition	of	R.	irregularis	crude	inoculum.	
	
2.1.5	 	 Plant	cultivation	conditions	for	colonisation	assay	
	
Plant	growth	took	place	under	a	12-hour	light/12-hour	dark	cycle	at	28°C	during	the	day,	23°C	
during	the	night,	and	60%	humidity.	Following	two	weeks	of	initial	growth	post	inoculation	
with	R.	 irregularis,	 100mL	of	Hoagland’s	 solution	 (Appendix:	Table	A1)	was	added	 twice	a	
week	to	each	plant.	Plants	were	checked	daily	for	watering	requirements	and	were	watered	
using	RO	water	when	the	sand	medium	was	not	sufficiently	damp.		
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2.1.6		 	 Nurse	plant	cultivation	conditions	
	
Germinated	seeds	were	placed	into	5L	pots	of	sand	with	a	nylon	filter	covering	drainage	holes.	
The	‘experimental’	maize	plants	were	placed	into	the	centre	of	a	pot	and	surrounded	by	3	
‘nurse’	plants,	rice	or	maize.	All	seeds	were	placed	into	a	30	mL	hole	and	inoculated	with	5	
mL	of	 crude	 inoculum.	Maize	nurse	plant	experiments	were	 fertilised	with	 full	Hoagland’s	
Solution	containing	100μM	Pi	(Appendix:	Table	A1),	while	rice	nurse	plant	experiments	were	
fertilised	with	½	Hoagland’s	Solution	containing	50μM	Pi	(Appendix:	Table	A1).		
	
2.1.7	 	 Maize	exudate	complementation		
	
Non-inoculated	 exudate	 donor	 maize	 plants	 were	 pre-germinated	 and	 cultivated	 for	 six	
weeks	 according	 to	 the	 previously-described	 plant	 growth	 protocol	 (2.1.5).	 For	 exudate	
collection,	 six	week-old	 plants	were	 harvested,	 roots	washed	with	 autoclaved	 diH2O,	 and	
placed	into	500mL	conical	flasks	of	400mL	full	Hoagland’s	solution.	Two	maize	plants	were	
added	 to	 each	 flask,	with	 root	 systems	 completely	 submerged.	 Flasks	were	 covered	with	
aluminum	 foil	 to	 avoid	 light	 exposure	 and	 the	 opening	 was	 covered	 with	 Parafilm	 Tape	
(Sigma-Aldrich,	USA)	to	minimise	water	loss.	The	conical	flasks	containing	plants	were	then	
placed	onto	a	mechanical	shaker	(IKA	Basic	Variable-Speed	Digital	Orbital	Shaker,	230V)	and	
shaken	at	50	shakes/min	for	3	days,	in	the	previously	described	growth	conditions	(2.1.5).		
Experimental	plants	were	pre-germinated	and	grown	for	two	weeks	(2.1.5).	At	two	weeks,	
plants	were	 inoculated	with	5mL	of	R.	 irregularis	crude	 inoculum,	 and	 received	100mL	of	
exudates	 from	 donor	 plants	 once	 every	 three	 days	 as	 an	 alternative	 to	 receiving	 full	
Hoagland’s	 fertiliser.	 After	 six	 weeks	 of	 receiving	 exudates,	 experimental	 plants	 were	
harvested	(2.1.8).		
	
2.1.8	 	 Plant	harvest	and	sampling	
	
Plants	were	carefully	removed	from	the	pots	and	the	root	systems	rinsed	with	RO	water.	The	
embryonic	root	was	cut	away	and	the	remaining	root	system	cut	into	pieces	of	1-2cm.	The	
root	cuttings	were	mixed	to	ensure	a	diverse	collection	of	root	types	were	taken	for	each	
sampling	method.	A	sample	of	root	pieces	were	placed	into	2mL	Eppendorf	tubes	containing	
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10%	 (w/v)	 KOH	 for	 Trypan	 Blue	 analysis	 (2.2.2).	 Root	 pieces	 were	 also	 collected	 in	 2mL	
Eppendorf	tubes	of	50%	Ethanol	(v/v)	for	later	Wheat	Germ	Aglutenin	(WGA)	analysis	(2.2.3).	
Finally,	root	pieces	were	placed	into	2mL	Eppendorfs	containing	2x	2mm	stainless	steel	beads	
and	immediately	frozen	in	liquid	nitrogen	and	stored	at	-80°C	for	molecular	analyses	(2.3).		
	
2.2	 	 Visual	maize	mutant	phenotyping		
	
2.2.1	 	 Screening	mutant	phenotypes	
	
Z.	mays	plants	were	phenotyped	at	6-7-weeks	post-inoculation	(wpi).	For	inspection,	plants	
were	removed	from	the	pots	and	mycorradicin	accumulation	in	roots	was	categorized	based	
on	the	colour	of	the	roots.	Root	systems	were	scored	as	either	1)	 ‘Yellow’;	obvious	yellow	
pigmentation	 visible,	 2)	 ‘Intermediate’;	 possible	 or	 faint	 yellow	 pigmentation,	 3)	 ‘Pale’;	
complete	lack	of	yellow	pigmentation.		
	
2.2.2	 	 Microscopic	quantification	of	colonisation	using	Trypan	Blue	staining	
	
Quantification	of	R.	 irregularis	colonisation	was	 carried	out	by	 staining	 root	 samples	with	
Trypan	Blue.	Samples	that	had	been	collected	in	10%	KOH	(2.1.5)	were	incubated	at	90°C	for	
30	minutes,	 followed	by	removal	of	KOH	and	rinsing	twice	with	diH2O.	A	solution	of	0.3M	
Hydrochloric	acid	(HCl)	was	added	for	15-30	minutes	at	room	temperature.	Upon	removal	of	
HCl,	a	0.1%	solution	(100	mg	trypan	blue	in	50mL:25mL:25mL	–	lactic	acid:glycerol:diH2O)	of	
Trypan	Blue	(Sigma-Aldrich,	USA)	was	added	and	the	sample	boiled	at	90°C	for	five	minutes.	
Root	pieces	were	then	removed	from	solution,	rinsed	with	acidic	glycerol	(50%	(v/v)	glycerol	
in	0.3M	HCl)	and	transferred	to	slides.	Colonisation	was	quantified	with	an	Olympus	CH40	
light	microscope	 (Olympus,	 Japan)	 using	 ten	 root	 pieces	 from	 each	 individual,	 where	 ten	
microscopic	viewpoints	at	200X	magnification	were	examined	per	root	piece	for	the	presence	
of	fungal	colonisation	and	structures	(Figure	2.1).	Representative	images	of	root	colonisation	
were	captured	using	a	Keyence	VHX-1000	microscope	(Keyence,	Japan).		
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2.2.3		 	 Assessment	of	fungal	structures	using	WGA	staining	
	
To	 visualize	 fungal	 structures	 in	 higher	 resolution	 for	 a	 qualitative	 assessment	 of	 the	 ina	
phenotype,	roots	were	stored	in	50%	EtOH	for	up	to	seven	days	before	 incubation	 in	20%	
KOH	at	room	temperature	for	two	days.	Root	samples	were	then	rinsed	with	diH2O	and	1x	
phosphate	buffered	saline	(PBS).	Rinsed	roots	were	then	incubated	for	up	to	two	weeks	in	
the	 dark	 at	 4°C	 in	 a	 solution	 of	 0.2µg/ml	 Alexa	 Fluor	 488	Wheat	Germ	Agglutinin	 (WGA)	
(Sigma-Aldrich,	 USA)	 diluted	 in	 1x	 Phosphate-Buffered	 Saline	 (PBS).	 Immediately	 prior	 to	
imaging,	root	pieces	were	stained	for	three	minutes	in	a	solution	of	10μg/ml	of	Propidium	
Iodide	 (Fisher	 Scientific,	 UK)	 to	 stain	 plant	 cell	 walls.	 Fluorescence	 of	 fungal	 and	 plant	
structures	 was	 examined	 and	 imaged	 using	 a	 Leica	 SP8	microscope	 (Leica	Microsystems,	
Germany).		
	
	
Figure	2.1:	 	Quantification	of	R.	 irregularis	colonisation	levels	of	maize	roots	stained	with	Trypan	Blue.	One	
representative	maize	root	piece	is	displayed,	and	six	of	the	ten	viewpoints	used	to	quantify	colonisation	per	root	
piece	are	circled.	An	enlarged	example	of	a	viewpoint	observed	through	microscopic	analysis	of	colonisation	at	
200X	magnification	 is	displayed,	and	 the	fungal	structures	are	 indicated	with	arrows.	These	fungal	structures	
observed	 in	 this	 viewpoint	 would	 be	 classified	 as	 present	 at	 that	 singular	 section	 of	 ten	 of	 the	 viewpoints	
assessed	per	root	piece.	 
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2.3		 	 Molecular	analyses	of	maize	mutants	
	
2.3.1	 	 gDNA	extraction		
	
For	plant	genotyping,	~2cm	of	leaf	tissue	was	taken	from	three	week-old	individuals,	placed	
into	2mL	Eppendorf	tubes	with	2x	2mm	stainless	steel	beads	and	frozen	in	liquid	nitrogen.	
Samples	were	ground	using	a	Qiagen	TissueLyser	II	(Quiagen,	Germany)	at	30	shakes/second	
for	three	minutes.	For	extraction	of	genomic	DNA	(gDNA),	300μl	of	extraction	buffer	(3.727g	
KCl	in	5mL	TRIS	pH7.5,	1mL	EDTA,	and	MilliQ	H2O	to	50mL	total	volume)	was	added	to	each	
sample.	 The	 samples	were	 then	 vortexed	 and	 transferred	 to	 a	 heat	 block	 at	 98°C	 for	 ten	
minutes,	 followed	 by	 two	 minutes	 of	 centrifugation	 (13,000	 rpm)	 at	 room	 temperature.	
Supernatant	was	then	transferred	to	1.5mL	tubes	containing	300μl	of	100%	isopropanol.	After	
another	centrifugation	step	at	room	temperature	for	15	minutes	(13,000	rpm),	the	pellet	was	
washed	twice	using	300μl	of	70%	EtOH.	EtOH	was	removed	and	the	pellet	air-dried	for	ten	
minutes,	before	finally	dissolving	the	gDNA	pellet	in	50μl	of	MilliQ	H2O.	Final	concentrations	
of	 gDNA	 were	 estimated	 using	 a	 Nanodrop	 Spectrophotometer	 (Thermofisher	 Scientific,	
USA).		
	
2.3.2	 	 PCR	genotyping	
	
Genotyping	of	the	maize	mutants	used	in	this	thesis,	ina	and	nope1,	was	carried	out	using	a	
standard	PCR	mix	and	protocol	(5x	GoTaq	Buffer,	10mM	dNTPs,	25mM	MgCl2,	10μM	forward	
and	 reverse	 primers,	 and	 Promega	 GoTaq	 G2).	 Reactions	 were	 carried	 out	 using	 a	
Thermocycler	 with	 extension	 time	 adjusted	 for	 the	 size	 of	 the	 desired	 amplicon,	 and	
annealing	temperature	was	adjusted	for	the	melting	temperature	of	the	primers	used.	All	PCR	
products	were	run	on	a	0.8%	agarose	gel	made	with	1μl/mL	ethidium	bromide	at	120mV.	Gels	
were	imaged	under	UV	light	and	images	captured	to	genotype	biological	samples.	
To	obtain	HMZ	nope1	individuals,	segregating	material	was	genotyped	for	the	WT	allele	using	
gene-specific	primers	(33),	and	for	the	mutant	allele	using	a	gene-specific	primer	and	primer	
specific	for	the	Ds	insertion	(Appendix:	Table	A2,	Figure	A1).		
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2.3.3	 	 RNA	extraction	and	quality	checking	
	
During	harvesting	of	maize	root	systems,	root	samples	were	frozen	and	stored	at	-80°C	(2.1.8).		
A	Qiagen	TissueLyser	II	(Quiagen,	Germany)	set	to	30	shakes/second	for	three	minutes	was	
used	 to	 grind	 these	 frozen	 samples	 into	 a	 powder.	 For	 RNA	 extraction,	 TRIzol	 reagent	
(Guanidium	Thiocyanate	23.63g,	Ammonium	Thiocyanate	7.6g,	Sodium	Acetate	pH5	8.33mL,	
Glycerol	12.5mL,	Phenol	pH5	95mL,	dilute	to	250mL	with	diH2O)	was	used	with	a	modified	
TRIzol	extraction	protocol	 (Invitrogen	Life	Technologies).	The	modified	protocol	 included	a	
suspension	of	the	RNA	pellet	in	60μl	H2O	and	60μl	LiCl	buffer	(4M	LiCl,	2mM	trisHCl	pH7.5,	
10mM	EDTA),	 incubation	 at	 -20°C	 for	 1h,	 and	 centrifugation	 for	 20	minutes	 (13,000rpm).	
Finally,	 the	 samples	 were	 washed	 twice	 with	 ice-cold	 75%	 EtOH	 and	 air-dried.	 Following	
extraction,	RNA	pellets	were	suspended	in	25μl	of	RNase-free	H2O	for	use	and	quantity	and	
purity	 estimated	 using	 a	 Nanodrop	 Spectrophotometer	 (Thermofisher	 Scientific,	 USA).	 To	
assess	integrity	of	extracted	RNA,	2μl	of	each	sample	of	total	RNA	was	run	on	a	2%	agarose	
gel	and	examined	for	integrity.		
	
2.3.4	 	 cDNA	synthesis	
	
Prior	to	complementary	DNA	(cDNA)	synthesis,	a	total	RNA	quantity	of	1.1μg	for	each	sample	
was	treated	with	DNase	I	(Sigma-Aldrich,	USA)	to	remove	contaminating	gDNA,	followed	by	
deactivation	 of	 the	DNase	 I	 enzyme	 by	 incubation	with	 EDTA	 at	 65°C	 for	 five	minutes.	 A	
standard	 PCR	 analysis	 (5x	 GoTaq	 Buffer,	 10mM	dNTPs,	 25mM	MgCl2,	 10μM	 forward	 and	
reverse	primers,	and	Promega	GoTaq	G2)	was	carried	out	using	the	RNA	samples	as	templates	
to	 confirm	 removal	 of	 all	 contaminating	 gDNA	 using	 primers	 for	 ZmGAPDH.	 Lack	 of	
amplification	 visualised	by	 running	 the	PCR	product	 on	 a	 0.8%	agarose	 gel	 confirmed	 the	
absence	of	contaminating	gDNA	in	DNase	I-treated	RNA	samples.	cDNA	synthesis	was	then	
carried	out	using	a	SuperScript	II	Reverse	Transcriptase	(Invitrogen,	USA)	standard	protocol.	
	
2.3.5	 	 qRT-PCR	analysis	
	
Primer	 design	 used	 sequence	 information	 from	 the	Maize	W22	 v2.0	 genome,	MaizeGDB.	
Primers	were	designed	using	NCBI	Primer-BLAST	(Appendix:	Table	A3)	and	were	designed	to	
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anneal	to	the	3’	UTR	of	selected	genes	for	specificity.	Primer	efficiency	for	new	primer	sets	
was	 assessed	 by	 carrying	 out	 a	 qRT-PCR	using	 five	 two-fold	 dilutions	 of	maize	 cDNA	 as	 a	
template.	 The	 Ct	 values	 obtained	 were	 plotted	 as	 a	 linear	 standard	 curve	 and	 efficiency	
obtained	from	the	slope	of	this	curve	using	the	equation:	"##$%$&'%( = 10 ,-./012 − 1 ×100.	
Primer	sets	with	an	efficiency	of	90-110%	were	used.		
qRT-PCR	was	carried	out	to	quantify	expression	levels	of	genes	of	interest	in	maize	mutant	
and	WT	samples.	 cDNA	samples	were	diluted	1:10	with	MilliQ	H2O	and	added	 to	a	SYBER	
Green	detection-based	reaction	mix	(10x	SYBER	green,	50mM	MgCl2,	10mM	dNTPs,	5x	GoTaq	
buffer,	 3μM	 forward	 and	 reverse	 primer	mix,	MilliQ	 H2O,	 and	 Promega	 GoTaq	 G2).	 Each	
biological	 sample	 reaction	was	 carried	 out	 in	 triplicate	 technical	 replicates,	 and	 reactions	
were	carried	out	in	a	96	or	384-well	plate	(Thermo	Scientific)	using	a	Bio-Rad	CFX	Real-Time	
PCR	Detection	System	(Bio-Rad,	USA)	(Appendix:	Figure	A2).	For	each	maize	cDNA	sample,	
expression	 of	 three	 housekeeping	 genes,	 ZmGAPDH,	 ZmCyclophilin2,	 and	 Zmβ-actin,	
(Appendix:	 Table	 A3)	 was	 measured	 to	 normalise	 the	 expression	 of	 genes	 of	 interest.	
Expression	of	these	three	housekeeping	genes	in	each	sample	was	averaged	using	a	geomean,	
and	 this	 geomean	 value	 was	 then	 used	 to	 normalise	 the	 expression	 results	 for	 genes	 of	
interest	for	each	sample.	
For	visualisation	of	expression	data,	the	average	normalised	expression	value	across	all	three	
technical	replicates	per	biological	sample	was	taken	and	plotted	on	statistical	software	R	using	
package	ggplot2	(248).		
	
2.4		 	 Positional	cloning	of	the	INA	locus	
	
2.4.1	 	 Harvesting	and	shipping		
	
Maize	 plants	 from	 segregating	 populations	 (4.2.2:	 UP23.3,	 UP23.4,	 UP23.9,	 UP23.10,	
UP23.11,	UP23.15,	UP23.17,	UP23.18)	were	grown	as	previously	described	(2.1)	and	eight	leaf	
discs	per	plant	were	harvested	when	plants	were	three-weeks	old	using	a	Leaf	Puncher	for	
uniformity	and	collected	into	96-well	cluster	tubes	(Corning,	USA).	Leaf	material	was	frozen	
in	 liquid	 nitrogen	 and	 stored	 at	 -80°C	 in	 96-well	 blocks	 (Corning,	 USA).	 Material	 was	
lyophilised	before	sending	to	Corteva	(Corteva	AgriScience,	USA)	for	SNP	genotyping.	
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2.4.2	 	 gDNA	extraction				
	
gDNA	was	extracted	 from	96-well	assay	blocks	 (Corning,	USA)	of	 lyophilised	 leaf	material.	
Eight	stainless	steel	beads	were	first	added	to	each	well,	and	material	was	lysed	during	one	
minute	of	shaking	in	a	2000	Geno/Grinder	(SPEX	SamplePrep,	USA)	at	750	strokes/minute.	
gDNA	extraction	was	then	carried	out	using	a	Puregene	extraction	kit	and	standard	protocol	
(Quiagen,	Germany).	Following	extraction,	gDNA	was	resuspended	in	100μl	TE	+	RNase.		
	
2.4.3	 	 SNP	marker	development	and	KASP	genotyping	
	
SNP	markers	for	positional	cloning	were	chosen	using	SNPs	available	from	Corteva	proprietary	
resources,	 and	 from	Maize	 SNP50	 (249).	Genotyping	of	 SNPs	was	 performed	using	 allele-
specific	primers	designed	using	Primer	Picker	(KBiosciences,	UK).	SNPs	were	first	tested	for	
polymorphism	between	WT	and	ina	HMZ	individuals	using	control	gDNA	from	these	samples.	
Only	SNPs	that	were	polymorphic	between	WT	and	ina	individuals	were	selected	for	use	in	
positional	cloning.		
Genotyping	 SNPs	 was	 carried	 out	 using	 allele-specific	 amplification	 via	 fluorescence	
detection,	using	the	Kompetitive	Allele-Specific	PCR	(KASP)	genotyping	method	(LGC	Group,	
UK)	(Appendix:	Figure	A3),	requiring	a	standard	KASP	reaction	mix	(primer	mix	of	two	allele-
specific	primers	and	a	common	reverse	primer,	KASP	master	mix,	diH2O).	PCR	amplifications	
were	carried	out	in	a	Thermocycler	using	a	standard	KASP	PCR	program	(LGC	Group,	UK).		
Fluorescence	was	measured	following	amplification	using	a	Tecan	Infinite	M1000	PRO	plate	
reader	(Tecan,	Switzerland).	Plate	data	was	analysed	using	TIBCO	Spotfire	(Spotfire,	USA)	by	
assessing	 the	 fluorescence	 of	 each	 DNA	 sample	 and	 comparing	 this	 to	WT	 and	 ina	HMZ	
control	samples	to	identify	the	form	of	the	SNP.		
	
2.4.4	 	 Rough	mapping		
	
Rough	mapping	was	carried	out	by	genotyping	31	segregating	individuals	using	SNP	markers	
selected	to	maximize	coverage	of	the	maize	genome	(SNPs:	proprietary	Corteva	resource).	
This	 enabled	 the	 identification	 of	 the	 haplotypes	most	 commonly	 observed	 in	WT	 or	 ina	
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individuals.	For	analysis,	genotype	at	each	SNP	was	scored	as	‘A’	for	individuals	HMZ	for	the	
SNP	allele	most	 commonly	 found	 in	WT	plants,	 ‘B’	 if	HMZ	 for	 the	allele	most	 common	 in	
mutant	individuals,	and	‘H’	for	heterozygotes	at	the	SNP.	In	a	subsequent	mapping	round,	a	
further	180	individuals	were	genotyped	at	29	SNPs	within	this	region.	The	R	package	R/qtl	
was	used	for	visualisation	of	distance	between	SNPs	and	their	genome	coverage	by	inputting	
genotype	scoring	of	the	180	individuals	at	each	SNP.		
	
2.4.5	 	 Fine	mapping		
	
From	the	seven	segregating	lines	identified	through	phenotyping,	2,100	seeds	were	chipped	
and	 genotyped	 for	 five	 SNP	 markers	 without	 the	 need	 for	 first	 growing	 plants	 and	 leaf	
sampling	 (seed	 chipping:	 proprietary	 Corteva	 technology).	 Of	 these	 individuals,	 269	
individuals	 were	 identified	 as	 possessing	 recombination	 events	 between	 these	 five	 SNP	
markers,	and	these	individuals	were	grown	and	phenotyped	(2.1).		
Subsequent	 rounds	 of	 SNP	 marker	 design	 and	 KASP	 genotyping	 were	 used	 to	 identify	
additional	SNPs	between	markers	flanking	the	INA-containing	region	and	to	genotype	these	
SNPs	 in	 recombinant	 individuals.	 This	 was	 sequentially	 carried	 out	 until	 none	 of	 the	 269	
recombinant	 individuals	 were	 identified	 as	 having	 a	 recombination	 event	 between	 the	
flanking	markers	in	question,	based	on	phenotyping	data.		
	
2.4.6	 	 Candidate	gene	analysis	
	
Genes	 that	 were	 located	 within	 the	 fine-mapped	 region	 containing	 the	 INA	 locus	 were	
analysed	using	previously	described	gDNA	extraction	and	PCR	protocols	(2.3.2)	using	primers	
designed	using	NCBI	Primer	BLAST	(Appendix:	Table	A2).		
	
2.5	 	 R.	irregularis	RNA-Sequencing	analysis	
	
2.5.1	 	 Preparation	of	R.	irregularis	material	
	
R.	 irregularis	 spores	 (Agronutrition,	 Toulouse,	 France)	 were	 washed	 with	 MilliQ	 H2O	 to	
remove	citrate	storage	buffer	and	sieved	using	a	40μm	cell	strainer	(Corning,	USA).	A	known	
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quantity	of	spores	was	suspended	in	1x	M	Media	(Appendix:	Table	A4)	to	a	density	of	10,000	
spores/mL.	8mL	of	this	spore	solution	was	aliquoted	to	an	individual	16.8	mL	tissue	culture	
well	(Corning,	USA),	for	a	total	of	80,000	spores/well.	Tissue	culture	dishes	containing	spores	
were	pre-germinated	at	30°C	and	2%	CO2	for	seven	days.		
Maize	 plants	were	 grown	 according	 to	 previous	 description	 (2.1)	 and	 their	 root	 exudates	
collected	as	described	 (2.1.6).	 Exudates	were	 then	 sterilized	using	0.2μm	 filters	 (Sartorius	
Epsum,	UK).	Spores	were	removed	from	seven-day	incubation	and	sieved	using	a	40μm	cell	
strainer	 (Corning,	 USA)	 to	 remove	M	Media.	 Spores	 subjected	 to	 the	 0h	 treatment	were	
immediately	frozen	in	liquid	nitrogen	for	analysis.	Spores	subjected	to	root	exudate	treatment	
received	8mL	of	the	collected	maize	root	exudates.	Tissue	culture	dishes	of	spores	 in	root	
exudate	solution	were	then	incubated	once	again	at	30°C	and	2%	CO2	for	1h	or	24h,	before	
removal,	sieving	to	remove	exudates,	and	freezing	in	liquid	nitrogen.		
	
2.5.2	 	 R.	irregularis	RNA	extraction	and	qRT-PCR	analysis	
	
R.	irregularis	spore	material	was	ground	using	a	mortar	and	pestle	cooled	with	liquid	nitrogen,	
and	RNA	extraction	was	carried	out	using	an	RNeasy	Plant	Kit	(Quiagen,	Germany)	according	
to	manufacturer’s	instructions.		
For	 qRT-PCR	 analysis	 of	 fungal	 material,	 DNase	 treatment,	 cDNA	 synthesis,	 and	 qRT-PCR	
expression	analysis	was	carried	out	as	previously	described	for	maize	material	(2.3).	Primers	
were	designed	using	sequence	data	from	the	Joint	Genome	Institute	(JGI)	using	R.	irregularis	
DAOM	 197198	 v2.0.	 Primer	 design	 was	 carried	 out	 using	 NCBI	 Primer	 BLAST.	 qRT-PCR	
expression	 data	 from	 genes	 of	 interest	were	 normalised	 using	 a	 geomean	 obtained	 from	
three	R.	irregularis	housekeeping	genes,	RiEF1α,	RiGAPDH,	and	Riα-tubulin	(Appendix:	Table	
A5).	
	
2.5.3	 	 R.	irregularis	library	preparation	and	sequencing	
	
Extracted	 RNA	 to	 be	 analysed	 using	 RNA-Sequencing	 was	 DNase-treated	 to	 remove	
contaminating	 gDNA	 using	 TURBO	 DNase	 (Thermofisher	 Scientific,	 USA)	 according	 to	
standard	manufacturer’s	protocol.	RNA	 integrity	and	purity	was	assessed	using	an	Agilent	
	 45	
2100	Bioanalyser	and	RNA	6000	Pico	Kit	(Agilent,	USA).	Samples	of	a	RIN	score	above	7	and	
with	clean,	expected	RNA	peaks	were	used	for	further	analysis.		
RNA-Sequencing	libraries	were	prepared	using	the	Illumina	TruSeq	Stranded	mRNA	Kit	and	
standard	protocol	(Illumina,	USA),	and	used	a	starting	quantity	of	1μg	from	each	R.	irregularis	
RNA	sample.	Following	 library	preparation,	 libraries	were	quality	checked	using	an	Agilent	
2100	Bioanalyser	and	DNA	1000	Kit	(Agilent,	USA).	Library	quality	was	assessed	through	the	
Bioanalyser	electropherogram	output	and	samples	with	expected	DNA	peaks	were	pooled	
(minimum	three	samples	per	treatment)	and	the	resulting	pooled	libraries	were	diluted	to	
4nM	using	a	Qubit	fluorometer	(Thermofisher	Scientific,	USA).		
R.	irregularis	samples	were	uploaded	to	the	in	silico	application	Illumina	BaseSpace	to	identify	
which	adapter	sequences	used	during	library	preparation	corresponded	to	each	sample.	The	
pooled	libraries	were	then	sequenced	using	a	NextSeq500/550	High	Output	v2	Kit	(150	cycles)	
through	an	Illumina	NextSeq	550	system	(Illumina,	USA).	
	
2.5.4	 	 RNA-Sequencing	bioinformatics	analyses	
	
Raw	 sequencing	 data	 obtained	 from	 Illumina	 BaseSpace	 was	 quality	 checked	 using	 the	
program	MultiQC,	which	produced	a	summary	report	on	all	samples	(250).	All	samples	were	
of	 sufficient	quality	 for	analysis,	 thus	 raw	sequencing	 reads	 for	each	sample	were	aligned	
against	the	transcriptome	assembly	of	R.	irregularis	DAOM	197198	v2.0	using	the	program	
Salmon,	which	was	then	used	for	transcript	quantification	of	alignment	files	(251).	Mapped	
and	quantified	data	files	were	analysed	 in	R	using	the	package	DESeq2	(252).	DESeq2	was	
used	to	carry	out	pairwise	comparisons,	where	transcripts	with	an	FDR-adjusted	P-value	of	
<0.05	were	considered	as	differentially	expressed	between	treatment	comparisons.	Further	
analysis	of	RNA-Sequencing	data	 involved	assignment	of	Gene	Ontology	 (GO)	 terms	 to	all	
transcripts	 from	 DAOM	 197198	 using	 BLAST2GO	 (OmicsBox,	 BioBam,	 Spain),	 and	 the	
identification	of	GO	terms	enriched	under	spore	treatment	conditions	using	a	Fisher’s	Test	
(253).	Further	detail	 into	 the	experimental	design	and	bioinformatics	analysis	of	 the	RNA-
Sequencing	data	is	outlined	in	Chapter	3.		
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CHAPTER	3	
	
Phenotyping	of	the	invisible	to	arbuscular	mycorrhizal	fungi	mutant	
	
3.1		 	The	ina	mutant	is	blocked	in	its	pre-symbiotic	interaction	with	AM	fungus	R.	
irregularis		
	
3.1.1		 Introduction	
	
Research	into	the	genetics	underpinning	the	AM	symbiosis	has	historically	been	reliant	on	the	
characterisation	of	plant	mutant	phenotypes	that	display	alterations	in	their	interactions	with	
AM	fungi	(254).	Plant	phenotypes	defective	in	AM	symbiosis	fall	into	categories	based	on	the	
stage	 of	 their	 impairment,	 ranging	 from	 defective	 pre-contact	 signalling	 to	 the	 altered	
formation	and	lifespan	of	internal	fungal	structures	(255).		
Pre-symbiotic	mutant	phenotypes	result	from	an	erroneous	communication	between	plant	
and	fungus,	and	plant	mutant	phenotypes	of	this	stage	include	inabilities	to	signal	to,	or	‘talk	
to’,	the	fungus	(33,	48),	and	inabilities	to	perceive	signals	from,	or	‘listen	to’	the	fungal	partner	
(91,	256).	Whether	the	directionality	of	impairment	lies	in	contacting	or	perceiving	the	fungus	
can	be	established	by	 the	 co-cultivation	of	 a	pre-symbiotic	mutant	with	WT	 individuals,	 a	
‘nurse	plant’	experiment.	The	fungal	extraradical	hyphae	that	exist	outside	the	root	form	a	
bridge	between	individual	plants	(257).	As	such,	any	lack	of	signal	or	nourishment	from	the	
mutant	 individual	 that	 is	 required	 by	 the	 fungus	 for	 colonisation	will	 be	 provided	 by	WT	
plants.	 The	 osnope1	 and	 S.	 lycopersicum	 M161	 mutants,	 which	 both	 display	 reduced	
colonisation	 by	R.	 irregularis,	 have	 the	 ability	 to	 support	WT-levels	 of	 colonisation	 when	
grown	with	WT	nurse	plants	 (33,	258).	 This	 is	 likely	due	 to	WT	plants	providing	 signalling	
components	 required	 for	 fungal	 entry	 into	 plant	 roots,	 and	 in	 the	 case	 of	 osnope1	 this	
component	 is	 a	 GlcNAc-related	 compound	 (33).	 In	 contrast,	 pre-symbiotic	 perception	
mutants	 such	 as	d14l	 are	 unable	 to	 support	 colonisation	 in	 a	 nurse	 plant	 system,	 as	 the	
presence	of	a	WT	individual	cannot	enable	mutant	perception	of	fungal	signals	(91).		
During	pre-symbiotic	signalling,	the	lack	of	signal	from	mutant	plant	to	fungus	may	be	due	to	
an	altered	composition	of	root	exudates	(258).	Plant	roots	exist	in	a	diverse	microbiome,	and	
	 47	
one	way	in	which	they	cultivate	and	control	their	associations	with	rhizosphere	microbes	is	
through	 root	exudate	composition	 (259).	 The	presence	of	a	 suitable	host	 root	has	a	 clear	
effect	on	the	morphological	development	of	AM	fungal	spores	(94,	260),	and	a	number	of	
studies	have	demonstrated	that	the	presence	of	isolated	host	root	exudates	may	elicit	fungal	
morphological	development	even	in	the	absence	of	the	root	system	itself	(33,	261-264).	This	
ability	 of	 isolated	 exudates	 enables	 further	 study	of	 pre-symbiotic	mutant	 phenotypes	 by	
studying	the	effect	of	these	exudates	on	AM	fungi	at	the	pre-contact	stage	of	development	
(33,	265).	
This	chapter	describes	 the	exploration	and	characterisation	of	a	novel	mutant	phenotype,	
invisible	 to	arbuscular	mycorrhizal	 fungi	 (ina).	This	mutant	phenotype	was	discovered	 in	a	
screen	 for	maize	phenotypes	with	 altered	associations	with	AM	 fungi,	 identified	due	 to	 a	
potential	lack	of	ability	to	host	colonisation	by	R.	irregularis	(240).	This	work	utilises	methods	
of	phenotyping	symbiosis	mutants	discussed	above	 in	order	 to	understand	 the	underlying	
cause	of	what	is	a	severe,	and	unique,	AM	phenotype.		
	
3.1.2	 Results	
	
3.1.2.1	 The	ina	mutant	displays	a	block	in	colonisation	by	R.	irregularis	
	
Under	standard	growth	and	R.	irregularis	inoculation	conditions	(2.1),	maize	roots	from	a	seed	
family	segregating	for	the	ina	mutation	were	examined	using	Trypan	Blue	staining	(2.2.2).	At	
this	 stage	 of	 7	 wpi,	 the	 segregating	 plants	 looked	 visibly	 WT	 above	 ground,	 with	 no	
developmental	defects	(Figure	3.1A).	Individuals	identified	as	mutants	due	to	the	pale	root	
phenotype	displayed	a	significant	lack	of	root	colonisation	by	R.	irregularis,	no	internal	fungal	
structures	 were	 observed	 in	 these	 plants	 under	 Trypan	 Blue	 staining	 (Figure	 3.1B).	
Extraradical	hyphae	could	occasionally	be	seen	in	the	vicinity	of	the	mutant	roots,	but	the	
formation	of	hyphopodia	appeared	to	be	blocked,	as	no	attempts	from	the	fungus	to	form	
penetration	structures	were	visible.	In	contrast,	WT	roots	were	highly	colonised	(Figure	3.1C),	
and	displayed	a	higher	average	total	root	length	colonisation	level	of	87%	(Figure	3.1D).	
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As	the	AM	symbiosis	is	a	dynamic	process,	a	repeat	experiment	assessing	colonisation	levels	
at	early	(4wpi)	and	late	(9wpi)	time-points	was	carried	out	to	attempt	to	capture	any	further	
aspects	of	the	interaction	between	the	fungus	and	this	mutant	phenotype.	In	WT	plants,	total	
colonisation	rose	from	51%	at	4wpi	to	91%	at	9wpi,	though	ina	mutants	supported	no	internal	
colonisation	at	both	 time-points	 (Figure	3.1E).	This	 further	emphasised	 the	 inability	of	 ina	
mutant	individuals	to	physically	interact	with	and	enable	colonisation	by	R.	irregularis.			
	
Figure	3.1:	R.	irregularis	root	colonisation	of	the	ina	mutant.	A)	Representative	image	of	Trypan	Blue	stained	
ina	 and	 WT	 plants	 showing	 no	 defects	 in	 above-gound	 growth	 and	 development	 at	 7	 weeks.	 B)	 and	 C)	
Representative	images	of	ina	mutant	roots	at	7wpi	following	Trypan	Blue	staining.	D)	Representative	image	of	
WT	maize	roots	at	7wpi	following	Trypan	Blue	staining.	D)	Percentage	root	colonisation	at	7wpi	of	13	mutant	
individuals	and	4	WT	individuals.	E)	Percentage	root	colonisation	in	WT	and	ina	plants	following	4wpi	and	9wpi	
(3	 biological	 replicates	 from	 each	 genotype	 per	 time-point).	 WT	 colonisation	 level	 increases	 between	 time-
points,	 though	was	not	 a	 statistically	 significant	 increase	 (Mann-Whitney-Wilcoxon	 Test	 p<0.05).	 No	 internal	
colonisation	was	recorded	 in	 ina	 individuals	at	either	 time-point,	and	due	 to	the	excess	of	data	points	with	a	
value	of	 0,	 ina	 readings	were	 excluded	 from	 statistical	 analyses.	 Bar	 height	 represents	 average	 colonisation	
across	individuals,	and	individual	plant	data	points	are	displayed.	 
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In	order	to	support	this	quantification	phenotype	with	molecular	data,	a	qRT-PCR	experiment	
was	 carried	 out	 using	 cDNA	 from	 three	 WT	 and	 ina	 individuals	 from	 the	 colonisation	
assessment	experiment.	An	established	system	of	marker	genes	expressed	exclusively	upon	
AM	colonisation	exists	in	rice,	and	may	be	used	to	monitor	progression	of	fungal	colonisation	
through	the	stages	of	the	symbiosis	(91,	266).	Included	in	these	established	markers	is	the	R.	
irregularis	gene	RiEF1α,	encoding	elongation	factor	1α	and	serving	as	an	indicator	of	fungal	
quantity	in	the	root	(267).		
The	maize	homologs	of	OsAM3,	(ZmAM3)	induced	early	during	the	symbiosis	and	encoding	a	
small	secreted	protein,	and	OsPT11	(ZmPT6),	which	encodes	a	mycorrhizal-specific	phosphate	
transporter	 (121),	have	previously	been	utilised	as	marker	genes	 in	maize	 (111,	228).	The	
markers	ZmARK1,	encoding	a	receptor-like	kinase	localised	at	the	PAM	that	serves	as	a	later-
stage	 symbiotic	 marker	 (216),	 and	 ZmPT14,	 an	 additional	 mycorrhizal-specific	 phosphate	
transporter	 that	 exists	 in	 some	 cereals	 (123),	 were	 established	 as	 marker	 genes	 for	 the	
purposes	of	this	study.		
All	marker	genes,	including	those	newly	established,	showed	a	significant	upregulation	in	the	
inoculated	 condition,	 and	 in	 all	 expression	 analyses	 there	were	 no	 significant	 differences	
between	 the	 non-inoculated	WT	 levels	 and	 the	 expression	 levels	 in	 inoculated	 ina	plants	
(Figure	3.2).		
	
Figure	 3.2:	 qRT-PCR	 expression	 analysis	 of	 symbiosis	 marker	 genes.	 Expression	 of	 symbiosis	 markers	
ZmAM3,	ZmPT6,	ZmARK1,	ZmPT14	in	3	biological	replicates	of	WT	inoculated	(+Ri),	WT	non-inoculated	(-Ri),	
and	ina	inoculated	(+Ri)	plants.	Expression	of	all	symbiotic	markers	was	significantly	higher	in	WT	inoculated	
plants	than	in	non-inoculated	WT	and	inoculated	ina	plants.	Expression	in	all	samples	was	normalised	against	
the	geomean	expression	of	maize	GAPDH,	Cyclophilin,	and	Actin	reference	genes. 
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3.1.2.2		 Growth	of	ina	in	a	nurse	plant	system	restores	fungal	colonisation		
	
A	nurse	plant	system	provides	both	a	strong	inoculum	pressure	and	potential	required	signals	
or	 fungal	 nourishment	 from	WT	 plants.	 Colonisation	was	 quantified	 through	 Trypan	 Blue	
staining	of	ina	plants	grown	in	a	monoculture	or	co-cultivated	with	three	WT	plants,	and	of	
WT	plants	grown	 in	a	monoculture	of	 four	 individuals.	Co-cultivation	with	WT	plants	until	
9wpi	restored	the	ability	of	the	fungus	to	form	hyphopodia,	penetrate	ina	roots,	and	produce	
internal	fungal	structures	(Figure	3.3A).	Average	total	colonisation	of	ina	roots	that	were	co-
cultivated	with	WT	nurse	plants	was	not	found	to	be	statistically	lower	than	the	average	total	
colonisation	 in	 highly-colonised	 WT	 monocultured	 plants	 (Figure	 3.3B)	 (Mann-Whitney-
Wilcoxon	Test,	p<0.05).	Interestingly,	though	the	fungus	formed	internal	structures	within	ina	
individuals	complemented	by	the	presence	of	WT	nurse	plants,	there	appeared	to	be	a	defect	
in	arbuscule	formation	in	these	plants.	The	majority	of	visible	arbuscules	under	Trypan	Blue	
analysis	 were	 small	 and	 stunted	 in	 ina	 roots	 (Figure	 3.3C)	 compared	 to	 highly	 branched,	
larger,	 arbuscules	 in	WT	 individuals	 (Figure	 3.3D).	 	When	 ina	plants	 were	 cultivated	 in	 a	
monoculture,	no	internal	colonisation	by	R.	irregularis	was	observed	(Figure	3.3E).		
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Figure	3.3:	 	R.	irregularis	colonisation	of	 ina	plants	 is	restored	in	a	nurse	plant	system.	A)	Representative	
image	of	 Trypan	 Blue-stained	 ina	 roots	 co-cultivated	with	WT	NPs	 that	 enable	 internal	 colonisation	by	R.	
irregularis	and	the	formation	of	internal	fungal	structures.	B)	Representative	image	of	a	Trypan	Blue-stained	
WT	 root	 grown	 in	 a	 monoculture,	 supporting	 high	 fungal	 colonisation	 levels.	 C)	 Representative	 image	 of	
colonised	 ina	 individuals	 that	 display	 stunted	 arbuscules	 visible	 following	 Trypan	 Blue	 staining.	 D)	
Representative	 image	 of	WT,	 branched,	 arbuscule	 in	WT	 individuals	 visible	 under	 Trypan	 Blue	 staining.	E)	
Representative	image	of	a	Trypan	Blue-stained	ina	individual	cultured	in	a	monoculture	that	displays	a	block	
in	colonisation	by	R.	irregularis.	F)	Percentage	root	colonisation	for	WT	monocultured,	ina	co-cultivated	with	
WT	nurse	plants,	and	ina	monocultured	individuals	(three	biological	replicates	per	treatment).	No	significant	
difference	was	found	in	the	quantity	of	fungal	structures	in	WT	monocultured	individuals	and	ina	individuals	
grown	with	WT	nurse	plants	(Mann-Whitney-Wilcoxon	Test,	p<0.05).	ina	individuals	grown	in	a	monoculture	
were	 excluded	 from	 statistical	 analysis,	 due	 to	 an	 excess	 of	 zero	 counts	 in	 these	observations.	 Bar	 height	
represents	average	colonisation	across	individuals,	and	individual	plant	data	points	are	displayed. 
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3.1.2.3		 Addition	of	WT	exudates	to	ina	growth	medium	restores	fungal	colonisation	
	
Complementation	of	the	ina	phenotype	in	a	nurse	plant	system	suggests	a	directionality	in	
the	erroneous	communication,	where	the	defect	appears	to	be	involved	in	the	plant	to	fungus	
signal.	This	led	to	a	hypothesis	that	WT	and	ina	individuals	produced	exudates	with	different	
compositions.	Exudates	were	harvested	from	ina	and	WT	individuals	and	added	to	the	growth	
medium	of	both	ina	and	WT	individuals,	in	all	combinations,	to	examine	whether	the	presence	
of	WT-produced	exudates	could	enable	R.	irregularis	to	colonise	ina	roots.		
Remarkably,	addition	of	WT	exudates	 to	 ina	plants	 twice	every	week	over	a	6-week	time-
period	did	restore	the	ability	of	the	fungus	to	penetrate	and	colonise	ina	roots	(Figure	3.4A).	
When	complementation	with	WT	exudates	made	fungal	penetration	possible	in	 ina	plants,	
the	 sparse	 patches	 of	 colonisation	 supported	 small,	 stunted	 arbuscules	 (Figure	 3.4A).	WT	
plants	provided	with	WT	and	ina	exudates	remained	visibly	highly	colonised	(Figure	3.4B,	C).	
When	 ina	 exudates	 were	 added	 to	 the	 growth	 medium	 of	 ina	 plants,	 the	 inability	 of	 R.	
irregularis	to	colonise	the	roots	remained,	and	no	fungal	structures	were	seen	(Figure	3.4D).		
The	average	total	colonisation	level	in	WT	exudate-complemented	ina	plants	was	very	low,	
at	13%	(Figure	3.4E).	This	was	significantly	lower	than	average	total	colonisation	in	conditions	
where	WT	plants	were	provided	either	WT	or	 ina	exudates	(Mann-Whitney-Wilcoxon	Test,	
p<0.05).	WT	plants	given	WT	exudates	supported	an	average	total	colonisation	level	that	was	
not	significantly	different	to	that	observed	in	WT	plants	provided	with	ina	exudates	(Mann-
Whitney-Wilcoxon	Test,	p<0.05)	(Figure	3.4	E).	This	finding	potentially	rules	out	an	inhibitory	
effect	of	ina	root	exudates	on	colonisation.		
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Figure	3.4:		R.	irregularis	colonisation	of	ina	plants	is	restored	by	addition	WT	exudates.	A)	Representative	image	
of	 ina	 individuals	 provided	with	WT	 exudates,	 enabling	 penetration	by	R.	 irregularis	and	 internal	 colonisation,	
though	 with	 stunted	 arbuscules,	 visible	 under	 Trypan	 Blue-staining.	 B)	 Representative	 image	 of	 Trypan	 Blue-
stained	WT	roots	 that	were	provided	with	WT	exudates	and	display	high	colonisation	 levels.	C)	Representative	
image	of	WT	individuals	watered	with	ina	exudates	displaying	dense	colonisation	visible	under	Trypan	Blue	staining.	
D)	Representative	 image	of	a	Trypan	Blue-stained	ina	plant	provided	with	 ina	exudates,	no	internal	colonisation	
was	observed.	E)	Percentage	root	colonisation	in	WT	individuals	provided	with	WT	exudates	and	ina	exudates,	and	
ina	individuals	provided	with	WT	exudates	and	ina	exudates	(four	biological	replicates	per	treatment).	There	is	no	
significant	difference	in	average	quantity	for	any	of	the	fungal	structures	between	WT	individuals	provided	with	
WT	and	WT	individuals	provided	with	ina	exudates	(Mann-Whitney-Wilcoxon	Test,	p<0.05).	A	significantly	different	
colonisation	level	across	a	majority	of	fungal	structures	is	observed	between	WT	individuals	given	both	exudate	
treatments	 and	 ina	 individuals	 provided	 with	WT	 exudates.	 ina	 individuals	 provided	 with	 ina	 exudates	 were	
excluded	from	the	statistical	analysis,	due	to	an	excess	of	zero	counts	in	these	colonisation	observations.	Bar	height	
represents	average	colonisation	across	individuals,	and	individual	plant	data	points	are	displayed.		 
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3.1.2.4	 Qualitative	 analysis	 of	 ina-supported	 fungal	 structures	 reveals	 arbuscule	
abnormality	
	
Roots	 of	 individuals	 grown	 in	 the	 nurse	 plant	 system	 and	 exudate	 complementation	
experiments	were	stained	with	WGA	to	examine	the	stunted	arbuscule	phenotype	at	higher	
resolution	than	possible	through	Trypan	Blue	staining.	Using	this	staining	technique	 it	was	
possible	 to	 qualitatively	 observe	 the	 stunted	 arbuscules	 that	 occurred	 regularly	 in	 ina	
individuals	colonised	with	the	aid	of	a	WT	nurse	plant	(Figure	3.5A,	B).	These	structures	were	
smaller	 in	 size	 and	 displayed	 a	 reduced	 and	 abnormal	 branching	 pattern	 compared	 to	
arbuscules	formed	in	WT	individuals	(Figure	3.5C,	D).		
Using	 WGA	 staining	 to	 observe	 the	 intracellular	 structures	 produced	 in	 WT	 exudate-
complemented	ina	individuals	did	not	reveal	any	arbuscule-like	branches.	Commonly,	hyphae	
were	seen	twisting	inside	root	cells	(Figure	3.5E,	F).		It	may	be	that	no	arbuscules	were	seen	
in	 these	 root	 samples	 due	 to	 the	 severely	 low	 number	 of	 arbuscules	 observed	 in	 these	
exudate-complemented	 mutants.	 WT	 individuals	 receiving	 both	 WT	 and	 ina	 exudates	
supported	WT-branching	arbuscules	(Figure	3.5	G,	H).			
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3.1.2.5	 Co-cultivation	of	ina	with	rice	SL	biosynthesis	mutants	restores	colonisation	
As	SLs	are	known	plant-derived	signals	that	trigger	germination	and	hyphal	branching	in	AM	
fungi	 (39),	 these	 compounds	were	 a	 candidate	 for	 the	missing	 component	 from	 the	 root	
exudates	of	ina	mutants.	In	order	to	establish	whether	a	lack	of	SL	production	or	exudation	
causes	the	inability	of	R.	irregularis	to	colonise	ina	roots,	an	additional	nurse	plant	experiment	
was	 carried	 out	 using	 SL	 biosynthesis	mutants	 as	 nurse	 plants.	 No	maize	 SL	 biosynthesis	
mutants	were	available,	so	rice	mutants	of	d27	(1.2.2.1)	and	d10	(1.2.1.2)	were	used.	This	
experiment	also	required	the	use	of	WT	maize	and	WT	rice	nurse	plants	as	controls,	WT	maize	
Figure	 3.5:	 	R.	 irregularis	arbuscules	 observed	under	WGA	 staining	 in	 ina	and	WT	 genotypes	 under	 exudate	
complementation	conditions.	A)	and	B)	Representative	 images	of	stunted	arbuscules	 in	 ina	roots	that	support	
fungal	colonisation	due	to	complementation	by	the	presence	of	a	WT	nurse	plant.	C)	and	D)	Representative	images	
of	WT	arbuscules	displaying	extensive	branching	inside	WT	plants	grown	in	a	monoculture.	E)	and	F)	Representative	
images	of	internal	hyphae	within	ina	roots	colonised	with	the	aid	of	WT	root	exudate	application.	Colonisation	is	
supported	 but	 no	 arbuscules	 are	 visible	 with	WGA	 staining.	G)	 Representative	 image	 of	WT,	 highly-branched	
arbuscules	inside	root	cortical	cells	of	WT	plants	provided	with	WT	exudates.	H)	Representative	image	of	WT	plants	
provided	with	ina	exudates	that	support	WT,	branched	arbuscules.	 
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to	 as	 a	positive	 control,	 and	 the	 rice	 variety	 Shiokare,	 the	 corresponding	WT	 cultivar	 and	
genetic	background	of	the	d27	and	d10	mutants	used.		
Co-cultivation	 of	 ina	 individuals	 with	WT	maize	 plants	 once	 again	 restored	 the	 ability	 of	
mutant	 individuals	to	host	colonisation	by	R.	 irregularis	(Figure	3.6A),	as	did	growth	of	 ina	
plants	with	WT	rice	variety	Shiokare	(Figure	3.6B).	Interestingly,	co-cultivation	of	ina	with	rice	
d27	mutants	enabled	R.	irregularis	to	penetrate	and	colonise	roots	(Figure	3.6C),	and	so	did	
the	co-cultivation	of	 ina	with	 rice	d10	mutants	 (Figure	3.6D).	Although	colonisation	 in	 ina	
individuals	 co-cultivated	 with	 WT	 maize	 was	 high,	 roughly	 81%	 total	 colonisation,	 ina	
individuals	grown	with	rice	nurse	plants	of	all	genotypes,	Shiokari,	d27,	and	d10,	were	poorly	
colonised,	with	total	colonisation	rates	ranging	from	8-10%	(Figure	3.6E).	One	rice	nurse	plant	
from	 each	 biological	 replicate	 experimental	 pot	 was	 assessed	 for	 colonisation,	 and	 the	
average	root	 length	colonisation	percentage	was	19%	in	Shiokari	nurse	plants,	14%	in	d27	
nurse	plants,	and	11%	in	d10	nurse	plants.	This	low	colonisation	level	in	the	rice	nurse	plants	
may	account	for	the	reduced	ability	of	these	rice	individuals	to	restore	ina	colonisation	levels	
compared	to	WT	maize,	as	maize	nurse	plants	displayed	an	average	total	colonisation	of	90%.		
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Figure	 3.6:	 	R.	 irregularis	 colonisation	 of	 ina	 is	 complemented	by	 co-cultivation	with	 SL	mutants	 of	 rice.	A)	
Representative	 image	of	Trypan	Blue-stained	ina	individuals	co-cultivated	with	WT	maize	plants	that	support	R.	
irregularis	colonisation.	B)	Representative	image	of	R.	irregularis	colonisation	of	ina	individuals	stained	with	Trypan	
Blue	 following	 co-cultivation	 with	WT	 rice	 of	 the	 Shiokari	 variety.	 C)	 Representative	 image	 of	 a	 patch	 of	 R.	
irregularis	 colonisation	 within	 ina	 individuals	 that	 were	 co-cultivated	 with	 rice	 d27	 mutants	 in	 the	 Shiokari	
background,	visible	due	to	Trypan	Blue	staining.	D)	Representative	 image	of	Trypan-Blue	stained	 ina	individuals	
supporting	colonisation	of	R.	irregularis	when	co-cultivated	with	rice	d10	mutants	in	the	Shiokari	background.	E)	
Percentage	of	root	colonisation	in	ina	individuals	co-cultivated	with	maize	WT,	rice	Shiokari	WT,	and	rice	mutants	
of	SL	biosynthesis,	d27	and	d10	(three	biological	replicates	per	treatment).	No	significant	difference	was	found	
between	any	of	the	treatments	carried	out	(Mann-Whitney-Wilcoxon	Test,	p<0.05).	Bar	height	represents	average	
colonisation	 across	 individuals,	 and	 individual	 plant	 data	 points	 are	 displayed.	 Rice	 nurse	plant	 colonisation	 –	
(Average	total	colonisation:	Shiokari	–	19%,	d27	–	14%,	d10–11	%). 
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3.2		 	The	extended	phenotype	of	ina:	A	transcriptomics	analysis	of	the	response	
of	fungal	spores	to	ina	root	exudates		
	 	
3.2.1	 	 Introduction	
	
Key	aspects	in	understanding	pre-symbiotic	communications	during	the	AM	symbiosis	involve	
identifying	which	signals	are	passed	between	host	plants	and	AM	fungi,	and	understanding	
the	response	of	the	symbiotic	partner	when	it	perceives	these	signals.	Analyses	have	been	
conducted	on	the	response	of	plants	to	signalling	molecules	produced	by	AM	fungi.	Fungal	
signals	such	as	short-	and	long-chain	COs	and	LCOs	elicit	a	plant	symbiotic	response,	and	the	
responses	of	plants	to	these	signals	can	be	studied	alone	or	as	a	component	of	germinated	
spore	exudates	 (GSE)	 (61,	62,	268,	269).	This	plant	response	to	fungal	signals	 includes	the	
increased	production	of	SLs,	a	response	that	may	result	in	an	increased	signal	to	the	fungal	
partner	(270).	Pre-symbiotic	mutants	with	a	defect	in	perceiving	fungal	signals	can	be	studied	
using	GSE,	which	provides	an	optimal	experimental	design	by	enabling	both	WT	and	mutant	
plants	to	be	treated	with	GSE	to	observe	differences	in	response	to	fungal	signals,	rather	than	
using	whole	 spores	 that	would	 result	 in	 the	 colonisation	 of	 the	WT	 control	 and	 the	 vast	
responses	associated	with	the	later	stages	of	the	symbiosis	(91).		
From	 the	 perspective	 of	 plant-to-fungus	 signalling,	 research	 has	 identified	 plant-derived	
signals	that	cause	a	symbiotic	response	in	the	fungus.	Known	components	produced	by	plants	
that	 cause	 a	 morphological	 response	 in	 the	 fungus	 during	 pre-symbiotic	 communication	
include	flavonoids	(54,	55),	2-hydroxy	fatty	acids	(2-OH-FA)	(59),	branched-chain	fatty	acids	
(60),	SLs	 (29,	39,	271),	and	 the	GlcNAc-like	molecule	 transported	by	 the	plant	 transporter	
NOPE1	(33).	Treatment	of	fungal	spores	with	the	synthetic	SL	analog	GR24,	a	useful	tool	in	
simulating	the	presence	of	a	host	plant,	 increases	the	potency	of	fungal	GSE	by	 increasing	
fungal	production	of	COs	and	LCOs,	a	further	example	of	the	dynamic	nature	of	pre-symbiotic	
signalling	(61).		
This	 increasing	 focus	 on	 the	 fungal	 side	 of	 the	 AM	 symbiosis	 has	 been	 possible	 due	 to	 a	
number	of	genome	sequencing	datasets	from	AM	fungi	(149,	182,	183,	185,	272).	There	are	
also	 several	 transcriptomic	 analyses	 that	 shed	 light	 on	 fungal	 gene	 expression	 during	 the	
different	stages	of	the	symbiosis	(113,	186,	189,	273).	Studies	on	the	transcriptomics	response	
of	AM	 fungi	during	 their	 interaction	with	plant	hosts	 include	analyses	on	 the	 response	of	
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spores	 to	 GR24	 (63,	 194),	 and,	 recently,	 branched-chain	 fatty	 acids,	 in	 an	 attempt	 to	
understand	how	R.	irregularis	spores	react	during	the	pre-symbiosis	when	they	receive	plant-
derived	signals.	Notably,	comparison	of	spore	response	to	GR24	and	palmitoleic	acid,	 two	
factors	 known	 to	 induce	 activity	 in	 spores,	 revealed	 very	 little	 overlap	 in	 fungal	 reaction,	
suggesting	that	a	number	of	plant-derived	products	have	the	ability	to	metabolically	activate	
AM	fungal	spores	and	produce	distinct	responses	(60).	Plant	exudates	may	also	be	utilised	to	
view	 the	 response	 of	 fungal	 spores	 to	 plant	 signals	 during	 the	 pre-symbiosis	 and	 to	
understand	 the	 impact	on	 fungi	of	plant	mutants	perturbed	 in	 the	pre-symbiotic	pathway	
(258).	The	use	of	exudates	has	even	enabled	an	analysis	of	the	transcriptomic	response	of	R.	
irregularis	 spores	 to	 WT	 and	 nope1	 mutant	 exudates,	 revealing	 the	 role	 of	 the	 NOPE1	
transporter	in	activating	the	fungus	prior	to	symbiosis	(33).		
This	 section	 explores	 the	 ‘extended	 phenotype’	 of	 the	 ina	 mutant	 by	 examining	 the	
transcriptomics	response	of	R.	irregularis	spores	to	exudates	produced	by	ina	and	WT	plants,	
with	a	comparative	analysis	of	spore	response	to	nope1.	The	analysis	of	the	fungal	response	
to	 plant-derived	 signals	 that	 are	 a	 component	 of	 root	 exudates	 will	 enable	 a	 deeper	
understanding	of	the	signal	that	appears	to	be	lacking	from	ina	root	exudates.	 
	
3.2.2	 RNA-Sequencing	experimental	design	and	analysis	pipeline	
	
Plant	growth	and	exudate	collection	was	carried	out	as	with	the	exudate-complementation	
experiment.	In	order	to	understand	the	responses	of	fungal	spores	to	multiple	plant	mutant	
phenotypes	 with	 defects	 in	 pre-symbiotic	 signalling,	 exudates	 were	 also	 collected	 from	
Zmnope1	mutant	plants	and	the	associated	W22	WT	background	for	spore	treatment.			Spore	
plates	pre-germinated	in	M	Media	were	treated	to	root	exudates	for	time-points	of	0h,	1h	or	
24h,	with	the	0h	time-point	requiring	spores	to	be	frozen	immediately	after	the	7-day	pre-
germination	period	in	M	Media.	For	each	condition,	3-4	spore	plate	biological	replicates	were	
used.	To	ensure	fungal	response	was	to	plant	genotype	and	not	simply	to	individual	plants,	
two	plants	of	the	same	genotype	were	placed	in	flasks	together	for	root	exudate	collection,	
and	each	spore	plate	biological	replicate	received	exudates	from	different	flasks	of	plants	of	
the	same	genotype	in	a	minimum	of	three	replicates	(Figure	3.7).		
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RNA-Sequencing	 libraries	 produced	 from	 RNA	 samples	 were	 submitted	 for	 sequencing.	
Sequencing	data	in	the	form	of	.fastq	files	was	then	quality	checked	by	producing	a	MultiQC	
report	on	all	samples	(Figure	3.8)	(250).	The	MultiQC	report	output	provided	a	Phred	quality	
score	for	the	samples,	and	all	samples	were	of	a	sufficient	quality	to	pass	the	threshold	for	
continued	 analysis.	 The	 average	 guanine-cytosine	 (GC)	 content	 across	 samples	 was	 38%,	
which	is	an	expected	value	for	the	R.	irregularis	genome	(149).		
Following	quality	checking,	reads	were	aligned	against	R.	irregularis	transcriptome	assembly	
197198	 v2.0	 (149)	 using	 Salmon	 for	 alignment	 and	 transcript	 quantification	 (251).	 The	
average	mapping	percentage	across	all	samples	was	81%.	Mapped	and	quantified	data	.bam	
files	were	then	analysed	using	DESeq2,	which	uses	internal	normalisation	across	all	genes	to	
control	 for	 any	 differences	 in	 sequencing	 depth	 across	 samples	 (252).	 Any	 normalised	
transcript	 values	 described	 in	 this	 analysis	 were	 produced	 from	 DESeq2	 normalisation.	
DESeq2	was	used	to	carry	out	pairwise	comparisons	to	identify	differentially	expressed	(DE)	
genes	(Padj	<0.05)	when	comparing	fungal	responses	to	different	plant	genotype-produced	
exudates	 (Pipeline	 described	 in	 Figure	 3.8A).	 Pairwise	 comparisons	 were	 checked	 for	
separation	 based	 on	 condition	 using	 Multi-Dimensional	 Scaling	 (MDS)	 plots	 to	 visualise	
sample	separation	(Figure	3.8B).		
Figure	3.7:		Experimental	design	of	the	R.	irregularis	RNA-Sequencing	experiment.	Flasks	(3	per	genotype)	
of	 two	maize	 plants	 suspended	 in	 full	 Hoagland’s	 solution	 were	 used	 to	 collect	 plant	 exudates	 of	 four	
different	genotypes,	ina,	nope1,	and	two	corresponding	WT	backgrounds,	WT	(ina)	from	a	HMZ	WT	sibling	
line,	and	WT	(nope1),	which	were	plants	from	the	W22	inbred	line.	8mL	of	plant	exudates	were	applied	to	
plates	of	pre-germinated	spores	(80,000	spores	per	plate)	for	1h	or	24h	 treatments.	0h	time-point	spore	
plates	did	not	receive	plant	exudates. 
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Gene	 Ontology	 (GO)	 terms	 were	 assigned	 to	 all	 transcripts	 within	 the	 RNA-Sequencing	
dataset	using	BLAST2GO	(OmicsBox)	(253).	BLAST2GO	utilised	the	nucleotide	sequences	for	
all	 transcripts	and	assigned	GO	 terms	 to	each	 transcript	 following	BLAST	 (Fungal	Kingdom	
NCBI	BLAST)	 and	database	 searches	using	 InterPro,	UniProt,	 and	Ensembl.	BLAST2GO	was	
used	 to	 further	 explore	 GO	 term	 assignments	 using	 Fisher’s	 Tests	 to	 identify	 GO	 terms	
enriched	under	specified	conditions.	Of	26,183	transcripts,	10,609	received	at	least	one	GO	
annotation	(Figure	3.8C).	
Figure	3.8:		Workflow	of	R.	irregularis	RNA-Sequencing	analysis.	Displayed	in	a	flow-chart	is	the	pipeline	of	
RNA-Sequencing	analysis	from	receipt	of	raw	sequencing	reads,	through	trimming	of	adapter	sequencing,	
mapping	and	transcript	quantification,	differential	expression	analysis,	and	GO	term	assignment.	Software	
used	for	analysis	are	italicised.	A)	MultiQC-generated	scores	of	all	R.	irregularis	samples	passed	the	quality	
threshold	Phred	score.	B)	Sample	MDS	plot	displaying	the	separation	of	samples	by	treatment	condition.	C)	
Pie	chart	depicting	percentages	of	 transcripts	assigned	GO	annotation	scores	 by	B2G	 in	blue.	 Transcripts	
BLASTed	but	with	no	hits	are	 indicated	 in	 red.	Transcripts	 that	were	assigned	GO	terms	based	on	BLAST	
information,	but	that	received	no	final	annotation	score	following	protein	database	searches	are	indicated	
in	 green,	 and	 the	 72	 transcripts	 that	 produced	 BLAST	 hits	 and	 received	 no	 mapping-	 stage	 GO	 term	
assignment	are	indicated	in	yellow. 
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3.2.3	 Results	 	
	
3.2.3.1	 Fungal	transcriptomic	responses	to	maize	mutant	genotypes	
	
To	 first	 understand	 how	 spores	 respond	 to	 the	 different	 plant	 genotypes,	 pairwise	
comparisons	between	spores	treated	to	the	0h	condition,	receiving	no	exudates,	and	spores	
treated	to	the	WT	and	mutant	exudates	were	carried	out.	This	allowed	an	analysis	of	overlap	
of	transcripts	induced	or	downregulated	in	response	to	addition	of	exudates	at	the	different	
time-points,	1h	and	24h.	The	initial	response	of	spores	to	the	different	plant	genotypes	was	
largely	similar	at	1h,	with	a	strong	overlap	of	transcripts.	At	this	stage,	the	transcripts	induced	
under	all	exudate	treatments	are	associated	with	enriched	GO	terms	involving	transport	and	
metabolism	(Figure	3.9A).	When	looking	at	downregulated	transcripts	compared	to	the	0h	
time-point,	there	was	again	a	large	overlap	in	spore	response	to	the	different	plant	exudates,	
though	 ina	 treatment	 produced	 a	 larger	 downregulation	 response	 than	 other	 conditions.	
Oxidoreductase	 activity	 and	 catalytic	 activity	 were	 some	 overlapping	 GO	 terms	
downregulated	by	1h	exudate	treatments	compared	to	0h	(Figure	3.9B).		
Following	prolonged	incubation	for	24h,	the	different	exudate	treatments	tended	to	cause	
the	induction	of	more	unique	transcripts	in	their	pairwise	comparisons	to	the	0h	time-point,	
though	a	large	number	of	common	transcripts	were	induced	by	all	exudate	treatments.	There	
appeared	 to	 be	 a	 large	 response	 in	 spore	 transcript	 induction	 to	 the	 presence	 of	 nope1	
exudates	following	the	24h	treatment.	At	this	later	stage,	it	appears	that	WT(nope1)-treated	
spores	 displayed	 a	 reduced	 response	 compared	 to	 WT(ina)-treated	 spores	 (Figure	 3.9C),	
suggesting	a	different	effectivity	of	exudates	produced	by	the	different	maize	inbred	lines.	
Following	 the	 24h	 treatment,	 the	 common	 transcripts	 that	 were	 induced	 regardless	 of	
exudate	 genotype	 were	 associated	 with	 GO	 terms	 describing	 metabolic	 activity.	 A	 small	
number	of	overlapping	transcripts	were	identified	as	downregulated	in	response	to	all	plant	
exudate	 treatments	at	24h	compared	 to	 the	0h	 time-point	 (Figure	3.9D),	and,	as	with	 the	
downregulated	transcripts	at	1h,	associated	GO	terms	included	oxidoreductase	activity.		
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As	 a	 previous	 transcriptomics	 analysis	 was	 carried	 out	 that	 identified	 GR24-induced	
transcripts	 in	 R.	 irregularis	 spores	 (63),	 this	 dataset	 was	 examined	 against	 these	 GR24-
responsive	transcripts	to	view	responsivity	of	mutant	and	WT-treated	spores	using	SL-induced	
transcripts.	DE	lists	of	all	exudate	treatments	at	both	time-points	compared	to	the	0h	time-
point	were	compared	against	 the	 top	15	most	highly	 induced	GR24-responsive	 transcripts	
reported	in	Tsuzuki	et	al.	(63).	Of	the	15	chosen	GR24-responsive	transcripts,	6	were	identified	
that	were	significantly	induced	by	at	least	one	exudate	treatment	from	any	time-point	(Padj	
<0.05)	(Table	3.1).	All	treatments,	usually	following	24h	of	exudate	exposure,	were	capable	
Figure	3.9:	Venn	diagrams	displaying	overlapping	 transcripts	 identified	 from	pairwise	DE	 lists	 induced	or	
downregulated	after	1h	and	24h	in	WT	(nope1),	WT	(ina),	nope1,	and	ina	compared	to	the	0h	non-treated	
time-point.	A)	Number	of	transcripts	DE	between	1h	treatments	of	different	plant	genotype	exudates	vs	0h.	
B)	Number	of	transcripts	downregulated	by	plant	exudates	after	1h	vs	0h.	C)	Volume	of	transcripts	 induced	
after	24h	exudate	treatments	vs	0h.	D)	Volume	of	transcripts	downregulated	after	24h	of	exudate	treatments	
vs	0h.	 
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of	inducing	these	GR24-induced	transcripts	to	some	extent,	which	potentially	suggests	that	
SL	 production	 and	exudation	 is	 intact	 in	 all	 plant	 genotypes	 tested.	 The	 characterised	 SL-
responsive	gene	SIS1	was	not	found	to	be	induced	by	any	exudate	condition	compared	to	the	
0h	 timepoint,	 though	 SIS1	 has	 previously	 been	 described	 as	 responding	 to	 SL	 treatment	
following	five	days	of	incubation,	and	no	earlier	(63).	Another	well-known	fungal	protein	with	
a	predicted	role	in	colonisation	of	host	plants,	SP7,	was	not	found	to	be	induced	by	any	of	the	
exudate	treatments	over	the	0h	timepoint.	This	is	to	be	expected,	as	SP7	has	been	studied	in	
colonised	plant	tissue	with	no	described	role	in	pre-symbiotic	interactions	(196).		
The	variance	between	samples	of	all	conditions	is	displayed	through	a	Principal	Component	
Analysis	(PCA),	and	shows	that	samples	cluster	closely	together	at	1h,	regardless	of	exudate	
treatment	genotype,	and	that	variance	between	samples	increases	at	24h	(Figure	3.10).		
	
	
	
	
	
	
	
	
Table	3.1:	Fungal	spore	RNA-Sequencing	normalised	expression	of	GR24-induced	transcripts.	The	top	15	
(by	L2FC)	transcripts	induced	by	GR24	were	extracted	from	Tsuzuki	et	al.	(47)	and	examined	against	the	fungal	
exudate	RNA-Sequencing	dataset	of	DE	transcripts	induced	in	DESeq2	pairwise	comparisons	of	each	exudate	
treatment	 vs	 the	 0h	 time-point.	 Only	 transcripts	 where	 at	 least	 one	 root	 exudate	 treatment	 condition	
significantly	induced	transcript	expression	are	shown	(Padj	<0.05).	Induction	of	GR24-induced	transcripts	is	
largely	similar	across	treatment	conditions.	Transcript	IDs	included	are	from	DAOM	197198	v2.0,	and	thus	
have	been	converted	from	the	v1.0	protein	IDs	included	in	Tsuzuki	et	al.	(47). 
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3.2.3.2	 The	effect	of	mutant	exudates	on	fungal	transcriptomics	
	
Further	 pairwise	 comparisons	 were	 carried	 out	 between	 WT-treated	 spores	 and	 spores	
treated	with	the	exudates	of	corresponding	mutants.	For	the	1h	time-point	treatments,	the	
ina	and	nope1	maize	exudates	caused	a	strongly	overlapping	response	when	compared	with	
their	 respective	 WT	 exudates,	 as	 displayed	 by	 very	 few	 significantly	 induced	 or	
downregulated	 transcripts	 between	 WT	 exudate-treated	 spores	 and	 their	 corresponding	
mutant	exudate-treated	spores	(P-adj	<0.05,	L2FC	>	1	or	<-1)	(Figure	3.11A).	However,	at	24h,	
the	 spores	 show	 a	 larger	 number	 of	 transcripts	 induced	 and	 downregulated	 when	 WT	
exudate-treated	 samples	were	 compared	 to	 their	 respective	mutants	 (Figure	 3.11A).	 This	
trend	 can	 also	be	 seen	 in	 the	 form	of	 a	 volcano	plot,	where	 transcripts	 that	 pass	 the	 set	
threshold	 are	 highlighted	 (P-adj	 <0.05,	 L2FC	 >	 1	 or	 <-1),	 and	 those	 most	 strongly	 and	
significantly	induced	or	downregulated	transcript	IDs	are	indicated.	Again,	there	were	very	
few	significantly	DE	genes	between	WT	and	mutant	exudate-treated	samples	at	1h	(Figure	
3.11B).	A	larger	difference	in	expression	patterns	is	observable	at	24h	(Figure	3.11C).	At	this	
Figure	3.10:	PCA	plot	depicting	clustering	of	R.	irregularis	samples	subjected	to	all	treatments	based	on	
sample	similarity.	Plot	was	generated	using	R	package	ggplot2,	using	a	dataset	of	quantified	transcripts	from	
Salmon.	0h	samples	not	treated	to	plant	exudates	cluster	closely	together.	R.	irregularis	samples	treated	for	
1h	tend	to	cluster	together	regardless	of	plant	genotype	that	exudates	were	collected	from.	At	24h,	samples	
appear	to	disperse	based	on	the	plant	exudate	genotype	that	spore	samples	were	treated	to.		 
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stage,	differences	in	the	fungal	response	to	WT	exudate	counterparts	compared	to	ina	and	
nope1	 exudates	 become	 visible.	 The	 spores	 respond	 to	 nope1	 exudates	 with	 a	 strong	
induction	 of	 unique	 transcripts	 that	 are	 not	 induced	 in	 the	 corresponding	 WT	 (nope1)	
treatment.	 The	 spore	 sample	 response	 to	 ina	 involves	 the	 induction	 of	 fewer	 ina-unique	
upregulated	transcripts	that	are	missing	in	WT	(ina)	exudate-treated	spores.	A	large	number	
of	 transcripts	 are	 induced	 in	 the	 WT(ina)	 exudate-treated	 samples	 that	 do	 not	 respond	
similarly	in	the	response	to	ina	exudates	(Figure	3.11C).		
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3.2.3.3	 Fungal	response	to	nope1	and	WT	exudates	examined	with	GO	enrichment	
	
Lists	of	significantly	induced	transcripts	(P-adj	<0.05,	L2FC	>1)	induced	in	WT	over	nope1,	and	
vice-versa,	 induced	 in	 nope1	 compared	 to	 WT-treated	 samples,	 were	 assessed	 for	 GO	
enrichment	against	the	whole	GO-annotated	transcriptome	dataset	using	a	Fisher’s	Exact	Test	
(FDR	<0.05).		
Following	1h	exudate	treatment,	only	one	term,	‘glutathione	metabolic	process’	was	enriched	
in	 the	 transcripts	 induced	 in	 WT-treated	 spores	 compared	 to	 the	 corresponding	 nope1	
mutant	exudate	treatment,	and	no	significantly	enriched	terms	emerged	when	examining	lists	
Figure	3.11:	Visualisations	of	transcript	induction	and	downregulation	in	pairwise	comparisons	between	WT	
genotypes	and	their	corresponding	mutants	at	both	treatment	time-points,	1h	and	24h.	A)	Barplot	displaying	
the	very	few	transcripts	induced	or	downregulated	at	1h.	At	24h,	a	large	number	of	transcripts	are	DE	between	
WT	genotype	treatments	and	their	corresponding	mutant	exudate	treatments.	B)	Volcano	plot	displaying	the	
small	number	of	transcripts	DE	at	1h	between	WT-treated	and	the	corresponding	mutant-treated	spore	samples.	
C)	At	24h,	the	volcano	plot	displays	a	large	number	of	DE	transcripts	visible	in	pairwise	comparisons	between	WT	
exudate-treated	 spores	 and	 spores	 treated	 to	 exudates	 produced	 by	 the	 corresponding	 mutant	 genotypes.	
Transcripts	induced	above	a	L2FC	increase	of	1	and	with	a	Padj	of	>0.05	are	significantly	induced	in	WT-treated	
spores	compared	to	mutant-treated,	and	transcripts	where	expression	was	reduced	below	a	L2FC	of	-1	and	with	
a	Padj	of	>0.05	are	significantly	downregulated	in	WT	compared	to	mutant-treated	samples. 
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of	induced	transcripts	in	nope1	compared	to	WT-treated	samples.	After	the	24h	treatment,	
‘membrane’	 and	 ‘transporter’-associated	 terms	 are	 enriched	 in	 the	 transcripts	 that	 are	
induced	in	response	to	WT(nope1)	compared	to	nope1-treated	spores	(Table	3.2).	In	this	gene	
list,	 there	 is	 also	 an	 enrichment	 of	 terms	 associated	 with	metabolic	 processes,	 including	
‘organonitrogen	compound	metabolic	process’,	which	supports	a	role	of	NOPE1	in	providing	
fungal	 spores	 with	 a	 nitrogen-based	 compound.	 GO	 terms	 that	 are	 significantly	 enriched	
when	spores	are	treated	to	nope1	over	WT	(nope1)	exudates	at	24h	include	terms	associated	
with	regulating	cell	division	such	as	‘regulation	of	mitotic	nuclear	division’	(Table	3.2).	This	
may	support	a	hypothesis	that	the	GlcNAc-related	compound	is	required	for	activation	of	AM	
fungal	spores,	at	is	has	previously	been	identified	that	GlcNAc	may	cause	hyphal	growth	and	
extension	in	fungi	that	have	stages	of	filamentous	growth	(49,	51,	274,	275).	In	this	scenario,	
where	the	spores	have	not	received	the	required	GlcNAc	signal,	 it	would	be	expected	that	
these	terms	associated	with	the	‘regulation’	of	filamentous	growth	are	showing	an	induction	
in	transcripts	associated	with	the	negative	regulation	of	growth.		
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3.2.3.4	 Fungal	response	to	ina	and	WT	exudates	examined	with	GO	enrichment	
	
GO	enrichment	using	Fisher’s	Exact	Test	(FDR<0.05)	was	carried	out	on	the	lists	of	significantly	
induced	transcripts	 in	WT	(ina)	compared	to	 ina-treated	spores,	and	 ina	compared	to	WT-
treated	spores	(P-adj	<0.05,	L2FC	>1).		
At	1h,	there	were	no	significantly	enriched	GO	terms,	due	to	the	fact	that	only	a	small	number	
of	transcripts	were	induced	in	either	WT	(ina)-treated	samples	compared	to	ina-treated,	or	
vice	versa.	At	24h,	 transcripts	 induced	 in	WT	 (ina)	 compared	 to	 ina-treated	samples	were	
significantly	 associated	 with	 GO	 terms	 involving	 transporter	 activity.	 ‘Intracellular	 sterol	
transport’	 and	 ‘intracellular	 lipid	 transport’	 are	 two	 of	 the	 transporter-related	 terms	
significantly	 enriched	 in	 transcripts	 from	 this	 comparison	 (Table	 3.3).	 As	 this	 result	 could	
Table	3.2:	Table	of	GO	terms	enriched	in	DE	transcripts	identified	from	pairwise	comparisons	between	WT	
(nope1)	and	nope1.	At	1h,	only	the	term	‘Glutathione	metabolic	process’	was	enriched	under	WT-treatment	
of	 spores	 compared	 to	nope1-treatment.	At	 24h,	 terms	 such	 as	 ‘membrane’	 and	 transporter-associated	
terms	were	enriched	in	DE	transcripts	 induced	by	WT-treatment	compared	 to	nope1	 treatment.	From	DE	
transcripts	induced	by	nope1	treatment	over	WT	treatment,	GO	terms	involved	in	cell	division	were	enriched.	
Count	values	are	the	number	of	transcripts	in	the	DE	lists	that	are	associated	with	that	GO	term.	 
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suggest	the	reduction	in	uptake	of	lipids	in	 ina-treated	spores,	a	dataset	comparing	spores	
treated	with	the	fatty	acid	pamitoleic	acid	and	control	untreated	spores	was	cross-compared	
to	examine	whether	any	of	the	DE	genes	between	WT	(ina)	and	ina-treated	spores	appeared.	
Of	the	25	genes	induced	by	palmitoleic	acid	treatment	over	control	treatment	(60),	3	were	
identified	 as	 induced	 in	WT	 (ina)	 treated	 spores	 compared	 to	 ina,	with	 the	 transcript	 IDs	
1491586	 (GO:	 Thiamine	 pyrophosphate-requiring	 enzyme),	 1781769	 (GO:	 none),	 and	
1488254	(GO:	none).		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
In	order	to	further	understand	some	of	these	GO	terms	and	their	 implications,	specific	DE	
transcripts	were	extracted	that	fall	under	these	terms.	The	two	GO	terms	‘Intracellular	lipid	
transport’	and	‘Intracellular	sterol	transport’	enriched	under	WT	(ina)	treatment	were	flagged	
due	to	the	annotation	of	the	same	five	transcripts	(Table	3.4),	and	these	included	two	MD-2-
Table	3.3:	Table	of	GO	terms	enriched	in	DE	transcripts	identified	from	pairwise	comparisons	between	
WT	(ina)	and	ina.	Following	1h	treatment,	no	GO	terms	were	enriched	in	the	transcript	lists	of	DE	genes	
between	WT	(ina)	and	ina.	At	24h,	GO	terms	involved	in	transport,	particularly	ion	and	cation	transport,	
were	identified	as	enriched	in	DE	transcripts	induced	by	WT-treatment	compared	to	ina	treatment.	When	
DE	 transcripts	 induced	by	 ina	 treatment	over	WT	treatment	were	examined	 for	GO	enrichment,	 terms	
associated	with	oxidoreductase	activity	were	found.	Count	values	are	the	number	of	transcripts	in	the	DE	
lists	that	are	associated	with	their	corresponding	GO	term.	 
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related	 lipid-recognition	 (ML)	domain	encoding	genes.	ML	domain-encoding	proteins	have	
been	 implicated	 in	 recognition	 of	 lipids,	 and	 in	 lipid	 metabolism	 (276).	 The	 terms	
‘Transmembrane	transporter	activity’	and	‘Ion	transmembrane	transporter	activity’	were	also	
examined	for	specific	transcripts,	and	a	majority	of	transcripts	associated	with	one	of	these	
terms	were	also	assigned	the	other.	DE	transcripts	underlying	these	terms	consisted	of	major	
facilitator	 superfamily-encoding	 transcripts,	 ABC	 superfamily-encoding	 transcripts,	 and	
cation	transporters	(Table	3.4).		
	
	
When	transcripts	induced	in	ina	compared	to	WT	(ina)-treated	spores	were	analysed	for	GO	
enrichment,	an	overrepresentation	of	terms	associated	with	lipid	metabolic	processes	such	
as	 ‘Cellular	 lipid	metabolic	 process’	 and	 ‘Fatty	 acid	metabolic	 process’	 were	 found	 to	 be	
induced	 (Table	3.5).	 These	 lipid-related	 terms	were	examined	 in	more	detail,	 and	 specific	
transcripts	were	identified	that	fall	under	these	GO	terms.	A	majority	of	these	transcripts,	10	
out	of	18,	were	annotated	as	Cytochrome	P450	(Cyp)-encoding.	These	transcripts	also	tended	
Table	3.4:	Table	of	transcripts	associated	with	selected	GO	terms	enriched	in	transcripts	induced	by	WT	(ina)	
treatment	over	ina	treatment.	Transcript	IDs	(DAOM	197198	v2.0)	associated	with	transmembrane	GO	terms	
are	displayed	along	with	descriptions	from	JGI	Mycocosm	and	L2FC	values	for	the	increase	in	expression	caused	
by	WT	treatment	compared	to	ina	treatment.	Average	count	values	across	R.	irregularis	samples	for	both	exudate	
treatments	are	shown.	Count	value	has	been	normalised	using	DESeq2.	 
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to	 be	 associated	 with	 the	 related	 enriched	 GO	 terms	 ‘monoxygenase	 activity’	 and	
‘oxidoreductase	activity’.	It	should	be	noted,	however,	that	almost	all	transcripts	associated	
with	the	lipid/fatty	acid	metabolic	process	GO	terms	displayed	a	less	than	2	L2FC	compared	
to	WT(ina)-treated	individuals,	thus	although	ina	treatment	is	causing	a	higher	induction	in	
these	lipid	metabolic-associated	transcripts,	the	WT(ina)-treated	samples	still	express	these	
transcripts	and	are	likely	also	metabolically	active	in	respect	to	lipid-related	processes.		
	
	
3.2.3.5	 Validation	of	responsive	transcripts	using	qRT-PCR	
	
In	 order	 to	 validate	 the	 biological	 findings	 from	 the	 transcriptomics	 experiment,	 qRT-PCR	
analysis	was	performed	from	selected	fungal	transcripts	using	cDNA	produced	from	the	same	
RNA	samples	used	to	carry	out	the	RNA-Sequencing	analysis.	An	independent	repeat	of	the	
Table	 3.5:	 Table	 of	 transcripts	 associated	with	 selected	 GO	 terms	 enriched	 in	 transcripts	 induced	 by	 ina	
treatment	over	WT	(ina)	treatment.	Transcript	 IDs	(DAOM	197198	v2.0)	associated	with	transmembrane	GO	
terms	are	shown,	as	are	associated	descriptions	from	JGI	Mycocosm.	L2FC	values	show	the	increase	in	expression	
caused	by	treatment	of	spore	samples	with	ina	exudates	compared	to	WT	exudate	treatment.	Average	count	
values	across	R.	irregularis	samples	for	both	exudate	treatments	are	shown.	Count	value	has	been	normalised	
using	DESeq2.	 
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initial	experiment	was	carried	out	to	further	validate	chosen	transcripts	that	were	flagged	as	
DE	from	the	transcriptomics	analysis.		
A	transcript	strongly	and	significantly	induced	by	WT	(ina)	exudates	compared	to	ina-treated	
exudates	at	24h,	1590502	(L2FC	4.2,	Padj	4.33E-28),	was	selected	for	validation	by	qRT-PCR.	
This	 transcript	 encodes	 a	 HMG-box-containing	 protein	which	 often	 serve	 as	 transcription	
factors	and	as	subunits	of	chromatin-remodelling	complexes	(277).	This	transcript	was	also	
identified	 to	be	strongly	and	significantly	 induced	 in	24h	WT	(nope1)	 compared	to	nope1-
treated	spores	(L2FC	3.13,	Padj	4.70E-18).		
The	aquaporin-encoding	transcript	1575284	and	proteolipid	membrane	potential	modulator	
1616147	were	two	transcripts	identified	due	to	their	strong	and	weak	induction	in	WT	(ina)	
and	ina	exudate-treated	samples	at	24h,	respectively	(Table	3.4).	It	should	also	be	noted	that,	
in	the	transcriptomics	analysis,	the	transcript	1575284	is	also	flagged	as	DE	transcript	from	a	
pairwise	comparison	between	24h	WT	(nope1)-treated	spores	and	nope1-treated	spores,	as	
it	is	induced	under	WT	(nope1)	treatment	and	displayed	reduced	induction	by	the	exudates	
of	nope1.	Aquaporin-encoding	 transcripts	 have	 previously	 been	 described	 in	 immature	R.	
irregularis	spores	(278),	and	yeast	spores	express	an	aquaporin	that	may	have	a	function	in	
maturation	of	spores	(279).	
Transcript	1590502	displayed	similar	trends	of	expression	level	across	RNA-Sequencing	read	
count,	 and	 qRT-PCR	 experiments,	 with	 reduced	 expression	 in	 mutant-treated	 spores	
compared	to	corresponding	WT	treatment	following	24h	(Figure	3.12A).	Transcript	1616147	
likewise	 displays	 similar	 expression	 patterns	 across	 experiments	 (Figure	 3.12B).	 This	
transcript	was	not	found	in	the	DE	gene	list	from	the	transcriptomics	pairwise	comparison	
between	WT	 (ina)	and	 ina-treated	spores	at	1h	due	 to	a	P-adj	value	of	0.5,	 yet	 transcript	
1616147	appears	to	be	induced	at	1h	in	WT	(ina)-treated	samples	in	both	qRT-PCR	analyses	
compared	 to	 ina-treated	 samples,	 to	a	higher	extent	 than	at	24h.	The	 transcript	1575284	
shows	an	expression	pattern	that	is	largely	conserved	between	RNA-Sequencing	and	qRT-PCR	
experiments,	though	induction	by	treatment	with	WT	exudates	compared	to	mutant	exudate-
treatment	is	more	visible	in	the	RNA-Sequencing	normalised	expression	values	and	slightly	
reduced	in	qRT-PCR	analyses	(Figure	3.12C).	
The	validation	data	produced	from	qRT-PCR	experimentation	on	the	same	set	of	samples	used	
for	RNA-Sequencing	confirms	 the	sequencing	data	by	displaying	similar	expression	 trends.	
Additionally,	the	RNA-Sequencing	results	have	been	validated	through	an	independent	repeat	
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of	 the	 experiment,	 producing	 expression	 data	 on	 additional	 biological	 samples.	 The	 data	
shown	here	supports	RNA-Sequencing	data	regarding	the	expression	patterns	of	the	three	
validated	genes.		
	
Figure	3.12:	Validation	of	three	R.	irregularis	transcripts	identified	as	DE	between	WT	(ina)-treated	and	ina-
treated	samples.	DESeq2	normalised	counts	from	RNA-Sequencing	data	are	displayed,	as	is	expression	data	from	
qRT-PCR	analysis	of	RNA	samples	used	for	the	RNA-Sequencing	experiment,	and	expression	data	from	qRT-PCR	
analysis	of	cDNA	produced	 from	an	 independent	 repeat	of	 the	experiment.	A)	Transcript	1590502	displays	a	
similar	 expression	 pattern	 between	 RNA-Sequencing	 data	 and	 qRT-PCR	 data,	 and	 induction	 in	 WT	 plants	
compared	to	their	corresponding	mutants	is	maintained	at	24h	in	the	repeat	experiment.	B)	Transcript	1616147	
shows	downregulation	 in	 ina-treated	samples	 compared	 to	other	 exudate-treated	samples	at	1h,	and	 this	 is	
maintained	across	experimental	analyses.		C)	Transcript	1575284	is	downregulated	by	mutant	treatment	at	24h,	
and	this	appears	to	be	consistent	across	all	experimental	replicates. 
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3.3	 Discussion		
	
The	 ina	phenotype	 is	 unique	 among	 the	more	 severe	 AM	 symbiosis	mutant	 phenotypes.	
Although	 mutation	 of	 D14L	 produces	 a	 similarly	 severe	 block	 in	 colonisation,	 the	 two	
phenotypes	 are	 revealed	 to	 be	 distinct	 when	 ina	 individuals	 are	 grown	 in	 a	 nurse	 plant	
system,	enabling	fungal	penetration	into	the	mutant	roots.	Mutants	of	D14L,	in	comparison,	
maintain	a	lack	of	colonisation	under	co-cultivation	with	WT	individuals	(91).	The	fact	that	the	
ina	presymbiotic	phenotype	may	be	overcome	in	a	nurse	plant	system	groups	ina	with	nope1,	
which	harbours	a	defect	 in	plant-to-fungal	communication	(33).	 It	 is	 likely	that	 INA,	 too,	 is	
involved	 in	 producing	 a	 signal	 to	 the	 fungus	 that	 is	 required	 for	 colonisation,	 rather	 than	
forming	a	component	of	perception	of	fungal	signals.		
A	further	aspect	that	sets	ina	apart	from	known	AM	mutant	phenotypes	is	the	second	facet	
of	this	mutant	phenotype;	the	malformation	of	arbuscules	when	the	fungus	is	enabled	entry	
into	the	root	in	a	nurse	plant	system.	Stunted	arbuscules	visible	in	nurse	plant-complemented	
ina	 individuals	 are	 comparable	 to	 mutants	 of	 the	 AM-specific	 phosphate	 transporters	
MtPT6/OsPT11,	where	arbuscule	degradation	occurs	prematurely	(123),	and	a	mutant	of	H+-
ATPase	MtHA1	that	may	be	required	to	produce	a	proton	gradient	in	the	arbuscule	required	
for	phosphate	transfer	(280).	Stunted	arbuscules	similar	to	those	seen	in	colonised	ina	roots	
are	also	visible	in	mutants	of	a	number	of	genes	involved	in	producing	and	providing	lipids	to	
AM	 fungi.	 Mutants	 of	 lipid	 biosynthetic	 enzymes	 FatM,	 DIS1	 and	 RAM2	 (153,	 156)	 and	
hypothesised	transporters	of	lipids	to	the	fungus,	STR1	and	STR2	(165,	166)	display	arbuscules	
that	 are	 also	 stunted	 and	 unable	 to	 form	 fine	 branches.	 The	 mutant	 of	 GRAS-family	
transcriptional	 regulator	 RAM1,	 which	 regulates	 a	 number	 of	 genes	 involved	 in	 the	 AM	
symbiosis	including	STR1,	is	an	additional	mutant	phenotype	where	these	stunted	arbuscules	
are	 seen	 (168).	 All	 of	 these	 phenotypes	 that	 produce	 erroneous	 arbuscules	 enable	 initial	
colonisation	by	the	fungus,	though	it	may	be	reduced,	and	the	commonality	between	these	
phenotypes	is	a	role	of	providing	a	nutrient	or	signal	at	the	arbuscule.	It	is	yet	unclear	why	ina	
would	display	both	a	pre-symbiotic	phenotype	and	an	arbuscule	phenotype,	and	this	dual	
dysfunction	in	ina	adds	to	the	uniqueness	of	this	phenotype.	
A	 key	 finding	 from	 the	phenotyping	of	 the	 ina	mutant	 has	 been	 the	 complementation	of	
colonisation	 ability	when	WT	 exudates	 are	 added	 to	 ina	 individuals.	 This	 is	 an	 important	
finding	as	it	suggests	that	the	signal	missing	from	ina	exudates	is	constitutive,	rather	than	a	
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signal	produced	in	response	to	nearby	fungal	presence,	as	WT	plants	grown	without	fungal	
inoculum	produce	exudates	that	are	able	to	allow	penetration	into	ina	roots.		
SLs	 are	 a	 well-studied	 and	 potent	 activator	 of	 AM	 spore	 germination	 (39),	 and	 their	
production	does	not	require	the	presence	of	the	fungus.	However,	mutants	perturbed	in	SL	
biosynthesis	 do	 allow	 colonisation	 by	 AM	 fungi,	 though	 it	 is	 reduced	 (45-47).	 The	 ina	
phenotype	 producing	 a	 block	 in	R.	 irregularis	 colonisation	 does	 not	match	 that	 of	 known	
mutants	within	the	SL	biosynthesis	pathway.	Indeed,	growth	of	ina	individuals	with	rice	SL-
biosynthesis	mutants	d10	and	d27	enabled	R.	irregularis	to	colonise	ina	roots,	suggesting	that	
the	defect	in	ina	root	exudates	that	prevents	fungal	entry	is	not	a	lack	of	SL	exudation.	The	
d10	and	d27	plants	that	do	not	produce	and	exude	SLs	seem	to	be	providing	a	signal	required	
for	colonisation	that	is	lacking	from	ina	roots,	and	thus	it	is	likely	that	the	defect	in	ina	pre-
symbiotic	signalling	is	not	due	to	a	perturbation	in	SL	production	or	export.	Additionally,	HMZ	
ina	 mutants	 display	 a	 normal	 developmental	 phenotype,	 suggesting	 that	 at	 least	 SL	
biosynthesis	 is	 intact,	 as	 defects	 in	 SL	 biosynthesis	 and	 regulation	 in	maize	 causes	 visible	
phenotypic	effects	in	above-ground	plant	architecture	(281).		
Flavonoids	are	another	compound	produced	by	plants	to	signal	to	their	fungal	counterparts,	
though	 maize	 mutants	 unable	 to	 synthesise	 flavonoids	 still	 allow	 initial	 colonisation,	
suggesting	that	flavonoids	are	unessential	for	colonisation	by	AM	fungi	(58).	These	findings	
imply	 that	 additional	 compounds	 are	 required	 for	 colonisation	 by	AM	 fungi,	 and	 recently	
NOPE1	was	identified	as	the	transporter	of	an	essential	GlcNAc-related	molecule	that	enables	
successful	 colonisation	 of	 roots	 by	 AM	 fungi	 (33).	 Although	 there	 are	 strong	 similarities	
between	 the	 nope1	 and	 ina	 phenotypes,	 such	 as	 the	 possibility	 of	 complementing	 both	
phenotypes	using	nurse	plant	systems,	the	 ina	phenotype	is	still	visibly	more	severe,	as	no	
hyphopodia	 are	 ever	 seen	 on	 ina	 inoculated	 roots.	 As	 such,	 it	 is	 unlikely	 that	 the	 ina	
phenotype	 is	 caused	 by	 an	 interruption	 of	 ZmNOPE1,	 and	 likely	 there	 are	 still	 further	
unknown	compounds	produced	and	exuded	by	plants	that	are	required	for	AM	colonisation.		
It	 can	be	 inferred	 from	the	exudate	complementation	experiment	 that	WT	and	 ina	plants	
produce	 exudates	 that	 differ	 in	 their	 composition,	 and	 this	 is	 supported	 by	 data	 from	 a	
transcriptomics	 analysis	 on	 R.	 irregularis	 spores	 exposed	 to	 these	 plant	 root	 exudates.	
Although	spores	responded	with	a	largely	similar	response	to	different	plant	root	exudates	at	
1h,	 they	 displayed	 distinct	 reactions	 to	 mutant	 and	 WT	 genotypes	 at	 24h.	 This	 finding	
supports	a	previous	R.	irregularis	transcriptomics	experiment	carried	out	on	exudate-treated	
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spores,	where	nope1	and	WT	exudates	elicited	an	overlapping	response	at	1h	but	distinct	
responses	following	24h	and	7	days	of	exudate	treatment	(33).	Spore	samples	showed	distinct	
DE	 responses	 to	 ina	 exudates	 and	 to	 nope1	 exudates	 compared	 to	 their	 respective	 WT	
genotypes,	 further	 discounting	 the	 possibility	 that	 these	 phenotypes	 are	 caused	 by	
interruption	of	the	same	underlying	gene.		
A	 strong	 observation	 from	 the	 comparison	 between	 WT	 and	 ina-treated	 samples	 is	 the	
comparative	 induction	 of	 transporter-encoding	 transcripts	 in	 WT-treated	 spores.	 This	
induction	may	suggest	that	the	missing	component	from	ina	is	a	compound	that	needs	to	be	
transported	 or	 taken	 up	 by	 the	 fungus,	 or	 is	 required	 for	 transcriptional	 regulation	 of	
transporter-encoding	genes,	and	that,	in	its	absence,	the	spores	do	not	induce	transcripts	for	
this	substance’s	uptake.	Notably	though,	 ion,	and	particularly	cation,	transporter-encoding	
transcripts	 were	 overrepresented.	 Three	 of	 the	 transcripts	 identified	 as	 ion	 transporters	
induced	 under	WT	 treatment	 are	 P-type	 ATPases,	 a	 family	 of	 transporters	 that	 use	 ATP	
hydrolysis	 to	 transport	 cations,	 including	 H+,	 Ca2+,	 and	 Na+,	 across	 their	 electrochemical	
gradient	(282).	Previous	work	has	implicated	the	involvement	of	electrochemical	fluxes	in	the	
pre-symbiotic	response	of	fungi	to	the	presence	of	host	exudates,	and	these	fluxes	have	been	
linked	to	hyphal	growth	in	germinated	spores	of	AM	fungi	(283,	284).	Additionally,	H+-ATPase	
symporters	 have	 been	 identified	 and	 their	 expression	 patterns	 at	 different	 stages	 of	 the	
symbiosis	 characterised	 in	R.	 irregularis	 (285),	 and	 in	Glomus	versiforme,	 in	which	a	high-
affinity	H+/Pi	symporter	was	identified	that	likely	enables	uptake	of	phosphate	from	the	soil	
by	the	AM	fungus	(286).	ATPase	transporters	were	also	identified	as	critical	in	fission	yeast	
for	the	regulation	of	uptake	of	nutrients	such	as	calcium,	phosphorus,	potassium,	iron,	and	
magnesium	 (287,	 288).	 These	 ATPases	 in	 R.	 irregularis	may	 be	 involved	 in	 a	 swathe	 of	
responses	to	the	presence	of	a	suitable	plant	partner,	including	the	uptake	of	nutrients.	It	is	
known	that	AM	fungi	accumulate	and	transport	phosphate	as	polyphosphate,	and	this	anion	
uptake	is	likely	countered	by	intake	of	cations	(113).	It	is	unclear	whether	such	an	induction	
of	transcripts	for	the	uptake	of	substances	in	WT	(ina)-treated	spores	would	be	occurring	to	
receive	 plant	 signals,	 take	 up	 nourishment	 for	 the	 fungus	 itself,	 or	 to	 begin	 collection	 of	
nutrients	 such	as	phosphate	 for	 a	partner	 it	 believes	 is	nearby.	Additionally,	 a	number	of	
transcripts	 induced	 in	WT-treated	samples	compared	to	those	treated	to	 ina	exudates	are	
lipid	transport-related.		This	is	potentially	interesting,	as	it	has	recently	been	discovered	that,	
not	only	are	 lipids	a	hugely	 important	carbon	source	provided	by	plants	to	AM	fungi	(153,	
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156,	170),	but	also	that	fatty	acids	including	the	C16	monounsaturated	fatty	acid	palmitoleic	
acid	 can	 stimulate	 hyphal	 branching,	 higher	 oxidative	 status,	 and	 even	 secondary	 spore	
formation	in	R.	irregularis	spores	without	the	presence	of	a	host	plant	(60).		It	appears	that	
ina	treatment,	which	causes	a	significantly	reduced	induction	of	transporters,	may	cause	a	
reduction	in	the	uptake	or	transport	of	a	yet	unknown	compound	or	signal	required	for	fungal	
colonisation	of	roots,	and	this	would	fit	with	a	theory	of	a	different	composition	of	ina	and	
WT	exudates.	
From	the	transcriptomics	analysis	on	fungal	spores	it	was	deduced	that	spores	appeared	to	
induce	Cyp-encoding	transcripts	to	an	increased	extent	when	treated	with	ina	exudates	over	
WT	 exudates	 for	 24h.	R.	 irregularis	has	 an	 unusually	 large	 Cyp-encoding	 repertoire	 for	 a	
member	of	the	fungal	kingdom	(149,	189).	Although	the	function	of	a	large	number	of	these	
R.	irregularis	Cyps	is	unknown,	Cyps	are	known	to	catalyse	lipid	and	sterol	oxidation,	so	it	is	
plausible	 that	 some	of	 the	numerous	Cyp-encoding	 genes	 in	R.	 irregularis	 are	 involved	 in	
metabolic	pathways	(289).	As	Cyp	proteins	usually	work	in	concert	with	protein	components	
that	transfer	electrons	from	NADH	or	NADPH,	the	enrichment	of	oxidoreductase-encoding	
transcripts	 in	 ina-treated	spores	also	 fits	with	 this	enrichment	of	Cyp-encoding	 transcripts	
(290).	 As	 spores	 are	 known	 to	 store	 lipids,	 likely	 to	 provide	 the	 required	 energy	 for	
germination	and	location	of	a	host	(140),	it	is	interesting	to	note	that	ina-treated	samples	are	
metabolically	active,	at	least	in	lipid	metabolic	pathways.	This	finding	may	further	discount	
any	 impairment	 in	 SL	 synthesis	 or	 exudation	 in	 ina	mutants,	 as	 SLs	 have	 previously	 been	
shown	to	activate	mitochondrial	activity	in	AM	fungi,	and	likely	cause	oxidation	of	lipids	(39),	
a	response	that	seems	intact	when	spores	are	exposed	to	ina	exudates.		
Due	 to	 the	 fungal	 metabolic	 activity	 in	 ina-treated	 spores,	 and	 due	 to	 the	 fact	 that	 no	
hyphopodia	have	ever	been	seen	on	inoculated	ina	roots,	it	could	be	that	an	initial	priming	or	
signalling	compound	is	missing	that	may	enable	the	ability	of	the	fungus	to	form	hyphopodia	
and	successfully	colonise,	even	if	the	fungal	spores	are	branching	and	active.	The	combined	
data	 from	 the	 colonisation	 phenotype	 and	 spore-response	 extended	 phenotype	 have	
revealed	a	great	deal	about	the	functioning	of	the	genetic	component	that	is	missing	in	ina	
mutant	plants.	However,	further	experimentation	is	needed	to	confirm	a	concrete	function	
of	INA	that	fits	into	known	models	of	the	regulation	of	AM	symbiosis.	
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CHAPTER	4	
	
Positional	cloning	of	the	INA	locus	
	
4.1		 		 Introduction	
	
Forward	 genetics	 screens	have	 thus	 far	 proven	highly	useful	 in	 identifying	new	molecular	
components	of	the	AM	symbiosis.	Although	initial	forward	genetics	approaches	focused	on	
identifying	AM	phenotypes	in	known	legume	nodulation	mutants	(291-293),	in	more	recent	
years	attention	has	turned	to	directly	identifying	components	of	the	plant	genetic	regulation	
of	the	AM	symbiosis.	The	half-sized	ABC	transporters	STR1	and	STR2	predicted	to	be	involved	
in	 transporting	 lipids	 to	 AM	 fungi	 were	 identified	 through	 a	 screen	 for	 AM	 mutants	
phenotypes	(166),	as	were	RAM1	and	RAM2,	encoding	a	GRAS-transcription	factor	and	GPAT	
important	in	AM	molecular	functioning,	respectively	(159,	161,	294).	These	forward	genetics	
screens	used	dicotyledonous	plants	and,	to	date,	only	one	forward	genetics	screen	has	been	
carried	out	in	a	monocotyledonous	species,	maize	(240).	
	This	screen	discovered	seven	maize	lines	with	potential	AM	mutant	phenotypes,	and	it	was	
this	screen	that	enabled	the	discovery	of	the	major	facilitator	transporter	NOPE1	(33,	240).	
Another	mutant	line,	ina,	identified	during	this	screen	is	the	focus	of	this	thesis.	The	mutant	
phenotype	 described	 lacks	 accumulation	 of	 the	 yellow	pigment	mycorradicin,	 despite	 the	
presence	of	R.	irregularis	fungal	inoculum.		
Positional	cloning	is	a	tool	for	identifying	the	unknown	gene	underlying	a	mutant	phenotype,	
and	is	carried	out	in	a	series	of	steps	that	narrow	the	mutation-containing	area	to	smaller	and	
smaller	intervals	(295).	Despite	its	sizeable	genome	that	consists	largely	of	repetitive	DNA,	it	
is	 possible	 to	 carry	 out	 positional	 cloning	 in	maize,	 as	 the	 repetitive	 areas	 tend	 to	 group	
together	in	vast	seas,	leaving	islands	of	functional	and	genic	areas	of	the	genome,	where	a	
majority	of	recombination	events	occur	(220,	221).	During	positional	cloning	attempts	to	map	
genes,	 the	areas	with	 low	recombination	rates	are	usually	 invisible	due	to	 the	reliance	on	
identification	of	recombination	events	for	mapping	(296,	297).	The	initial	stage	of	positional	
cloning	involves	the	crossing	of	different	accessions,	usually	an	accession	homozygous	for	the	
mutant	 phenotype	 of	 interest	 (in	 the	 case	 of	 mapping	 a	 recessive	 allele),	 and	 a	 suitably	
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distinct	plant	accession	line,	to	create	a	mapping	population	that	can	then	be	phenotyped	for	
the	 trait	 of	 interest.	 The	 mapping	 population	 enables	 identification	 of	 the	 mode	 of	
inheritance,	 and	 the	 number	 of	 loci,	 behind	 the	 mutant	 phenotype.	 In	 this	 mapping	
population,	 a	 rough	 position	 containing	 the	 mutant	 allele	 or	 causal	 genetic	 alteration	 is	
identified	using	linked	markers	that	cosegregate	with	the	mutant	phenotype	(295,	298).	Once	
linkage	of	the	mutant	phenotype	to	known	markers	has	narrowed	the	region	containing	the	
mutant	allele,	a	common	method	to	 identify	the	causal	gene	 is	termed	a	 ‘candidate	gene’	
approach.	This	method	relies	on	existing	knowledge	of	gene	functions	in	order	to	identify	a	
gene	within	 the	mutation-containing	 region	 that	 could	 plausibly	 be	 causing	 the	 observed	
mutant	defect	(299).	Single	Nucleotide	Polymorphisms	(SNPs)	are	a	favoured	genetic	marker	
for	positional	cloning	due	to	their	high	frequency	in	the	genome	and	their	existence	as	one	of	
only	two	codominant	variants	(300).	The	maize	genome	has	a	high	density	of	SNPs,	with	an	
estimation	of	one	SNP	per	100-200	bp	(224,	301).	There	is	a	wealth	of	known	SNP	sequences	
present	in	different	maize	inbred	lines,	and	such	a	dense	map	of	sequence	polymorphisms	is	
ideal	for	the	mapping	of	mutant	alleles	(249,	302).		
Positional	cloning	methods	have	been	successfully	employed	to	identify	novel	genes	in	maize	
from	mutant	phenotypes	(303,	304).	This	chapter	follows	the	positional	cloning	and	candidate	
gene	analysis	used	to	identify	the	underlying	defect	behind	the	ina	mutant	phenotype.		
	
4.2	 Results		
	
4.2.1	 Stability	and	mode	of	inheritance	of	the	ina	mutant	phenotype		
	
The	ina	phenotype	was	first	identified	as	displaying	a	lack	of	interaction	with	R.	irregularis,	a	
phenotype	that	was	identified	due	to	a	lack	of	yellow	mycorradicin	accumulation	in	the	root	
systems	 of	 these	 inoculated	 plants.	 The	mutant	 phenotype	was	 found	 to	 be	 stable	 after	
crossing	 the	mutant-containing	 line	 to	 the	 inbred	 line	W64A,	 thus	 further	 study	 could	 be	
carried	out	to	investigate	the	causal	allele	(240).		
Seeds	from	lines	predicted	to	be	segregating	for	the	ina	mutation	were	planted,	inoculated	
with	R.	irregularis,	and	examined	at	7wpi	for	their	mycorradicin	phenotype.	Individuals	were	
identified	 that	 clearly	 displayed	 no	 accumulation	 of	mycorradicin	 in	 any	 part	 of	 the	 root	
system,	displaying	the	‘pale’	root	phenotype	(Figure	4.1).	These	individuals	were	examined	
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microscopically	 following	Trypan	Blue	staining	to	confirm	the	phenotype	that	 these	plants	
cannot	host	R.	irregularis	and	that	this	is	the	cause	of	the	lack	of	mycorradicin	accumulation.	
Indeed,	the	fungus	was	unable	to	colonise	the	roots	of	the	individuals	phenotyped	as	‘pale’,	
and	no	internal	fungal	structures	were	observed	in	these	plants	(3.1.2.1).	The	identification	
of	mutant	individuals	in	these	segregating	lines	further	confirmed	the	stability	of	this	mutant	
phenotype	through	generations.		
Individuals	from	one	such	segregating	line	were	phenotyped	to	initially	identify	the	mode	of	
inheritance	 of	 the	 mutant	 phenotype.	 Of	 the	 87	 individuals	 screened	 at	 7wpi,	 70	 were	
phenotyped	 as	 ‘yellow’,	where	 the	 root	 systems	 accumulated	mycorradicin,	 and	 17	were	
phenotyped	as	‘pale’	mutant	 individuals.	The	Mendelian	ratio	 identified	here	follows	a	3:1	
pattern	(X2	=	1.92,	p	>	0.70),	suggesting	that	ina	is	a	recessive	mutation	at	a	single	locus.		
	
	
	
	
	
	
	
	
	
	
	
	
4.2.2	 Mapping	and	experimental	material	
	
Previous	members	of	the	Paszkowski	group	crossed	the	original	HMZ	ina	mutant	line	to	an	
individual	from	the	B73	inbred	line	and	self-pollinated	the	HTZ	progeny.	A	HMZ	ina	individual	
from	the	self-pollinated	progeny	was	then	crossed	to	a	Mu-Killer	line	in	the	W22	background	
Figure	4.1:	Mycorradicin	accumulation	in	R.	irregularis-inoculated	ina	and	WT	root	systems	at	7wpi.	A)	The	ina	
mutant	displays	no	accumulation	of	the	visibly	yellow	pigment,	mycorradicin,	when	inoculated	with	R.	irregularis,	
making	 this	 an	 ideal	 phenotype	 for	 screening	 large	 numbers	 of	 plants	 during	 positional	 cloning.	B)	WT	 root	
systems	accumulate	mycorradicin	following	inoculation	with	R.	irregularis.	 
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(prior	to	onset	of	this	PhD)	in	order	to	reduce	the	chances	of	excision	and	movement	of	Mu	
insertions	within	the	genome	(244).	Once	again,	the	progeny	produced	by	crossing	this	HMZ	
ina	 individual	 to	 a	 HMZ	 WT	Mu-Killer	 line	 was	 self-pollinated	 to	 produce	 a	 segregating	
population,	and	individuals	from	this	population	were	self-pollinated,	producing	seed	bags	
that	were	either	segregating	for	the	ina	mutation,	HMZ	WT,	or	HMZ	ina.	To	identify	material	
for	use	 in	mapping	and	experimental	work,	 the	 identity	of	 this	genetic	material	had	to	be	
confirmed,	and	16	individuals	of	each	of	these	lines	were	planted	and	phenotyped.	Of	this	
selfed	material,	7	bags	of	segregating	seed,	2	of	ina	HMZ,	and	4	of	WT	HMZ	material	were	
identified	(Figure	4.2).	For	all	experimental	analyses,	any	ina	individuals	used	were	from	these	
HMZ	 ina	 lines	 (UP23.7,	UP23.12),	WT	 individuals	were	 from	these	WT	HMZ	 lines	 (UP23.1,	
UP23.9,	 UP23.14,	 UP23.16),	 and	 segregating	 mapping	 populations	 were	 from	 these	
segregating	lines	(UP23.3,	UP23.4,	UP23.9,	UP23.10,	UP23.11,	UP23.15,	UP23.17,	UP23.18).		
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4.2.3	 Rough	mapping	of	the	region	containing	INA	 	
	
Initial	mapping	required	the	identification	of	a	rough	chromosomal	location	for	ina,	and	this	
was	carried	out	using	31	individuals	from	a	segregating	population	that	had	been	phenotyped	
based	on	accumulation	of	mycorradicin	in	roots.	These	31	individuals	were	genotyped	for	SNP	
Figure	4.2:	Pedigree	of	the	ina	mutation.	An	ina	HMZ	individual	was	crossed	to	the	inbred	line	B73,	and	
HTZ	 F1	 progeny	 self-pollinated	 to	 generate	 a	 segregating	 population.	 A	HMZ	 ina	 individual	 from	 this	
segregating	 family	 was	 crossed	 to	 the	 inbred	 line	 W22	 containing	 Mu-Killer	 activity	 to	 disable	
transposition	of	the	Mu	transposable	elements.	HTZ	progeny	was	self-pollinated	to	produce	a	further	
segregating	line.	Individuals	from	this	segregating	line	were	crossed	to	produce:	1)	HMZ	WT	progeny	for	
use	as	an	experimental	control	for	phenotyping	analyses,	due	to	its	strongly	related	background	to	the	
ina	material.	2)	Segregating	populations	for	mapping	the	 ina	mutation.	3)	HMZ	ina	material	for	use	in	
phenotyping	analyses.	 
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markers	spread	throughout	the	maize	genome	(SNPs:	proprietary	Corteva	resource)	(Figure	
4.3).	 This	 genotyping	 enabled	 narrowing	 of	 the	 ina-containing	 region,	 based	 on	 SNP	
genotypes	that	co-segregated	with	the	mutant	phenotype,	to	43Mb	on	the	long	arm	of	maize	
chromosome	 3.	 A	 subsequent	 round	 of	 mapping	 used	 180	 phenotyped	 segregating	
individuals	 that	 were	 genotyped	 for	 a	 further	 29	 SNPs	 in	 this	 region	 (SNPs:	 proprietary	
Corteva	resource),	enabling	the	narrowing	of	the	ina-containing	region	to	8Mb,	between	the	
markers	PZA7848-27	and	PZA16021-9.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.3:	Summary	of	positional	cloning	methods	used	to	identify	the	genomic	region	containing	the	
ina	 allele.	 Positional	 cloning	 using	 SNP	markers	 were	 used	 to	 narrow	 the	 ina-containing	 region	 to	 an	
interval	small	enough	to	use	a	candidate	gene	approach	to	explore	potential	causal	genes.	A)	Populations	
segregating	for	the	ina	‘pale	root’	phenotype	were	used	as	mapping	populations.	B)	A	simplification	of	the	
process	of	narrowing	the	ina-containing	region	using	phenotyping	data	on	individuals	that	were	genotyped	
at	a	number	of	SNPs	between	markers	known	to	flank	the	ina	allele.		 
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4.2.4	 Fine	mapping	of	the	region	containing	INA	
	
From	 the	7	 segregating	mapping	 seed	 lines	previously	 identified	 (Figure	4.2),	 2,100	 seeds	
were	sampled	by	removing	a	small	portion	of	seed	tissue	and	genotyped	for	five	SNP	markers	
(PZA7848-27,	 PZA17811-22,	 PZA16757-14,	 PZA4952-7,	 and	 PZA16021-9)	 within	 the	 8Mb	
region	known	to	contain	 ina.	This	genotyping	revealed	any	recombination	events	that	had	
occurred	between	any	of	the	five	SNPs	(Figure	4.3).	Recombination	events	have	the	potential	
to	narrow	down	the	known	mutation-containing	region	in	individuals	where	the	phenotype	
is	 known,	 as	 recombination	 can	 separate	 linked	 SNPs	 from	 the	mutant	 allele	 in	 question.	
There	were	269	 individuals	with	 recombination	events	between	 the	 flanking	markers,	 the	
‘recombinants’.	 Following	 phenotyping	 of	 these	 individuals,	 it	 was	 possible	 to	 use	 the	
phenotype	 and	 SNP	 genotype	 information	 of	 these	 269	 individuals	 to	 narrow	 the	 INA-
containing	region	to	the	area	between	two	of	the	five	markers,	PZA17811-22	(B73	v4	location-	
Chr3:205,004,996)	and	PZA16757-14	(B73	v4	location-	Chr3:208,693,169)	(Figure	4.4).	
To	 further	 narrow	 this	 region,	 additional	 SNP	 markers	 were	 identified	 within	 this	 INA-
containing	 area,	 utilising	 Corteva	 resources	 and	 SNPs	 available	 from	Maize	 SNP50	 (249).	
Three	 subsequent	 rounds	 of	 marker	 identification	 and	 genotyping	 enabled	 the	 further	
narrowing	of	the	INA-containing	region	until	no	further	recombination	events	had	occurred	
between	new	SNP	markers	in	the	269	phenotyped	individuals.	This	placed	INA	in	a	173	kbp	
genomic	region	between	two	Corteva	markers	GTR4M1	(B73	v4	location	–	Chr3:208,146,460)	
and	GTR4M5	(B73	v4	location	–	Chr3:208,319,903).		
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4.2.5	 A	candidate	gene	approach	to	identifying	the	causal	ina	allele	
	
The	MaizeGDB	genome	browser	was	used	to	identify	the	gene	models	within	this	173	kbp	
region	in	the	W22	genome,	and	the	high-confidence	gene	models	identified	within	this	region	
were	 GRMZM2G107754,	 GRMZM2G333833,	 GRMZM2G035276,	 GRMZM2G035222,	 and	
GRMZM2G034975	(Figure	4.4).	MaizeGDB	was	once	again	used	to	identify	the	gene	models	
within	this	region	in	the	inbred	lines	B73,	Mo17,	CML247,	EP1,	and	PH207	(305).	For	searches	
in	all	inbred	lines,	the	sequences	of	the	flanking	markers	GTR4M1	and	GTR4M5	were	BLASTed	
against	these	genomes	and	the	genomic	area	was	obtained.	The	gene	models	were	conserved	
across	 the	different	 inbred	 lines	within	 this	 region,	and	 in	all	 genomes	analysed	 the	high-
Figure	4.4:	Depiction	of	the	43Mb	region	on	maize	chromosome	3	containing	 INA	 identified	during	initial	
rough	mapping.	 SNP	 sequence	 information	 from	 180	mapping	 individuals	 were	 used	 to	 generate	 the	 cM	
spacing	of	29	SNPs	(indicated	as	grey	lines)	using	R/qtl.	The	five	SNPs	highlighted	in	blue	were	utilised	for	fine	
mapping	 by	 analysis	 of	 recombination	 events	 between	 these	 markers,	 and	 fall	 within	 the	 8Mb	 region	
containing	INA.	The	SNP	markers	labelled	in	bold	(PZA17811-22	and	PZA16757-14)	were	identified	as	flanking	
markers	containing	INA.	 
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confidence	 gene	 models	 were	 GRMZM2G107754,	 GRMZM2G333833,	 GRMZM2G035276,	
GRMZM2G035222,	and	GRMZM2G034975	(Table	4.1).	
Notably,	the	gene	GRMZM2G035276	is	the	maize	ortholog	of	OsSTR2,	encoding	a	half-size	
ABCG	 transporter	 that	 is	 hypothesised	 to	 form	 a	 transporter	 complex	 with	 OsSTR1	 to	
transport	 lipids	 at	 the	 arbuscule	 during	 the	 AM	 symbiosis	 (165,	 166).	 In	 order	 to	 assess	
whether	any	further	genes	from	the	INA-containing	region	could	have	significance	in	the	AM	
symbiosis,	 a	 list	 of	 genes	 predicted	 to	 function	 in	 the	 AM	 symbiosis	 based	 on	 their	
conservation	in	AM	host	species	was	consulted	(154).	As	this	list	of	conserved	potential	AM	
components	displays	M.	truncatula	genes,	the	five	maize	genes	were	pBLASTed	against	the	
M.	 truncatula	 genome	 to	obtain	an	orthologous	protein-encoding	gene.	Of	 the	 five	genes	
within	 the	 ina-containing	region,	only	GRMZM2G035276	 (ZmSTR2)	had	an	orthologous	M.	
truncatula	gene	(Medtr5g030910)	that	was	present	on	this	 list	of	conserved	AM	symbiosis	
genes.	Medtr5g030910	 encodes	MtSTR2,	 which	 has	 been	 studied	 through	 RNA	 silencing,	
revealing	that	its	absence	causes	the	formation	of	stunted	R.	irregularis	arbuscules	(166).		
	
	
Figure	 4.4:	 Estimated	 location	 of	 the	 five	 gene	 models	 GRMZM2G107754,	 GRMZM2G333833,	
GRMZM2G035276,	GRMZM2G035222,	and	GRMZM2G034975	within	the	W22	genome.	The	flanking	markers	
GTR4M1	and	GTR4M5	were	identified	during	the	fine	mapping	process.	BLAST	searches	using	the	sequences	of	
these	 markers	 enabled	 the	 identification	 of	 the	 five	 gene	 models	 within	 this	 marker-flanked	 region	 that	 is	
predicted	to	contain	the	INA	locus. 
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4.2.6	 Investigating	ZmSTR2	as	a	candidate	gene	for	INA	
	
As	ZmSTR2	emerged	from	previous	analyses	as	a	potential	candidate	for	the	gene	behind	the	
ina	phenotype,	amplification	of	this	gene	in	ina	and	WT	individuals	was	carried	out	using	PCR	
in	 an	 attempt	 to	 identify	 a	 causal	mutation.	 The	 ina	mutant	was	 obtained	 from	 a	maize	
population	containing	active	Mu	elements,	and	thus	it	was	hypothesised	that	there	could	be	
a	Mu-insertion	within	this	gene	in	ina	individuals.	As	such,	the	ZmSTR2	gene	was	amplified	in	
three	fragments	in	order	to	assess	amplicon	length	across	this	gene.	For	all	three	fragments,	
no	amplification	was	possible	in	HMZ	ina	individuals,	despite	amplification	of	these	fragments	
in	WT	individuals	(Figure	4.5A).	This	was	further	explored	by	amplifying	one	of	these	STR2	
fragments	 in	 individuals	 from	 a	 population	 segregating	 for	 the	 ina	 phenotype.	 The	 ina	
phenotype	did	indeed	co-segregate	with	the	lack	of	amplification	of	this	STR2	fragment,	and	
amplification	was	possible	in	all	WT-phenotyped	individuals	(Figure	4.5B).		
Table	4.1:	Location	of	SNP	markers	GTR4M1	and	GTR4M5	that	flank	the	ina	mutation	and	the	gene	models	
located	between	them	in	six	maize	inbred	lines.	The	gene	models	that	lie	between	the	final	flanking	markers	
were	 identified	 in	 six	maize	 inbred	 lines	 by	 BLASTing	 the	 primers	 used	 to	 genotype	 these	 SNPs.	 The	 gene	
models	and	their	order	is	syntenous	between	the	different	maize	inbred	lines	at	this	location.	 
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4.2.7	 The	ina	phenotype	is	caused	by	a	deletion	spanning	multiple	genes	
	
The	 inability	 to	amplify	STR2	 in	 ina	 is	not	 suggestive	of	an	 insertional	mutant,	 rather,	 it	 is	
evidence	of	a	deletion	spanning	the	STR2	gene	in	ina	individuals.	To	define	the	length	of	this	
deletion,	primers	were	designed	in	the	regions	around	this	gene	and	PCR	amplification	was	
used	to	define	the	borders	of	the	deletion.	During	primer	design,	it	was	identified	that	primers	
designed	against	the	W22	genome	annealed	best	to	the	genetic	background	of	 ina	and	its	
corresponding	 WT	 material,	 compared	 to	 primers	 designed	 against	 the	 B73	 genome.	
Therefore,	all	primers	used	to	define	the	size	of	the	deletion	in	ina	are	described	using	genetic	
locations	from	the	W22	v2.0	genome	(Appendix:	Table	A2).		
The	genes	GRMZM2G333833,	a	chloride	channel-encoding	gene,	GRMZM2G035276	(STR2),	
and	GRMZM2G035222,	an	F-box	kelch	 repeat-encoding	gene,	were	entirely	deleted	 in	 ina	
individuals,	as	evidenced	by	the	lack	of	amplification	of	these	genes	(Figure	4.6).		
Amplification	 in	 ina	 individuals	 was	 possible	 upstream	 and	 downstream	 of	 the	 deletion.	
Upstream,	 amplification	 in	 ina	 individuals	 was	 obtained	 for	 a	 792bp	 amplicon	 at	
Chr3:212,383,365,	 and,	 to	 fully	 ensure	 that	 this	 area	 is	 intact	 in	 ina	 individuals,	 another,	
Figure	4.5:	Amplification	of	STR2	in	ina	and	WT	individuals.	A)	Amplification	of	STR2	was	attempted	in	ina,	its	
related	WT	genotype,	W22,	and	B73	individuals	in	3	fragments,	the	878	bp	Fragment	1,	1194	bp	Fragment	2,	and	
700	bp	Fragment	3.	No	amplification	was	observed	for	any	STR2	fragment	in	the	ina	individuals	tested,	though	
amplification	of	all	fragments	was	intact	in	all	WT	genotypes.	B)	Amplification	of	STR2	Fragment	1	in	a	population	
segregating	for	the	 ina	mutation.	Amplification	of	this	fragment	was	obtained	in	all	individuals	phenotyped	as	
WT,	and	no	amplification	was	possible	in	individuals	phenotyped	as	ina.	 
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102bp,	amplicon	was	successfully	detected	at	Chr3:	212,384,437.	Upstream	of	this	amplicon,	
the	nearest	gene	model	prediction	(GRMZM2G107754)	was	 located	at	Chr3:212,307,338	–	
212,314,448,	which	 is	considerably	 further	upstream	of	 these	amplicons	 intact	 in	 ina.	 Just	
downstream	of	this	amplicon	is	an	area	of	highly	repetitive	DNA,	and	between	this	repetitive	
region	and	the	3’	area	of	GRMZM2G333833,	the	chloride	channel-encoding	gene,	it	was	not	
possible	to	design	specific	primers.	As	such,	the	known	boundary	of	the	 ina	deletion	could	
not	be	narrowed	between	the	chloride	channel-encoding	gene	and	the	working	amplicons	
upstream	of	this	repetitive	region.	The	closest	gene	model	downstream	of	the	deletion	region	
is	GRMZM2G034975,	and	amplification	was	obtained	in	the	5’	region	of	this	gene,	which	is	
fully	 intact	 in	 ina	 individuals.	 A	 further	 primer	 set	 was	 designed	 that	 produced	 a	 645bp	
amplicon	in	ina	individuals	just	upstream	of	the	gene	GRMZM2G034975,	slightly	downstream	
of	 the	F-box	kelch	 repeat-encoding	gene,	at	Chr3:212,490,973.	This	amplification	of	 intact	
areas	of	the	ina	genome	around	the	deletion	region	has	enabled	estimation	of	the	size	of	the	
deletion	at	roughly	110	kb.	
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4.2.8	 qRT-PCR	analysis	of	candidate	genes		
	
As	the	three	genes	GRMZM2G333833,	GRMZM2G035276,	and	GRMZM2G035222	are	deleted	
in	 ina,	 it	was	 hypothesised	 that	 there	would	 be	 no	 expression	 of	 these	 transcripts	 in	 ina	
individuals,	and	this	was	confirmed	using	qRT-PCR	analysis	ina	individuals	under	R.	irregularis	
inoculated	 and	 non-inoculated	 conditions	 (Figure	 4.7).	 Alongside	 this	 confirmation,	 WT	
individuals	were	examined	under	both	inoculated	and	non-inoculated	conditions	to	gather	
further	 data	 on	 these	 genes	 as	 potential	 candidates	with	 a	 role	 in	 the	 AM	 symbiosis,	 by	
identifying	whether	the	presence	and	colonisation	of	R.	irregularis	caused	the	induction	of	
Figure	4.6:	Schematic	of	the	area	of	the	maize	W22	genome	that	is	deleted	in	ina	individuals.	No	amplification	is	
possible	from	ina	samples	for	any	genomic	fragments	lying	within	the	area	indicated	in	red,	in	contrast	to	related	WT	
and	control	W22	and	B73	plants.	A)	Upstream	of	the	identified	ina	deletion,	two	amplicons,	a	792	bp	and	a	102	bp	
band,	were	used	to	show	the	5’	deletion	boundary,	as	these	bands	can	be	amplified	in	ina	samples,	illustrating	that	
this	area	is	intact.	B)	No	amplification	of	a	134	bp	fragment	of	GRMZM2G333833	could	be	obtained	in	ina	individuals,	
though	the	fragment	appears	to	be	intact	in	related	WT,	W22,	and	B73	individuals.	C)	A	700	bp	fragment	of	ZmSTR2	
that	cannot	be	amplified	in	ina	individuals	despite	clear	amplification	in	related	WT,	W22,	and	B73	plants.	D)	A	640	
bp	 of	GRMZM2G035222	 is	 amplifiable	 from	WT,	W22,	 and	 B73	 individuals,	 though	 not	 from	 ina	 samples.	 E)	 A	
boundary	downstream	of	the	deletion	was	identified	due	to	a	645	bp	fragment	amplifiable	in	all	individuals,	including	
ina	samples.	F)	The	gene	GRMZM2G034975	is	intact	in	all	plant	genotypes,	as	shown	by	the	amplification	of	a	280	
bp	fragment	in	all	samples. 
	 92	
any	of	these	transcripts	in	maize	(Figure	4.7).	This	analysis	was	carried	out	at	a	4wpi	time-
point	 and	 a	 9wpi	 time-point	 to	 fully	 capture	 any	 differences	 in	 expression.	 The	 biological	
individuals	analysed	for	this	experiment	were	those	used	for	quantification	of	colonisation	in	
Chapter	3.1.2.1	(Figure	3.1E).	At	4wpi,	WT	individuals	supported	an	average	total	colonisation	
of	50%,	while	ina	individuals	showed	no	colonisation.	At	9wpi,	WT	individuals	had	an	average	
total	colonisation	level	of	91%,	and	ina	individuals	remained	completely	uncolonised	(Figure	
3.1E).		
Expression	of	the	chloride	channel-encoding	gene	GRMZM2G333833	was	barely	detectable	
in	 all	 samples	 analysed,	 WT	 and	 ina,	 and	 expression	 did	 not	 increase	 over	 time.	 As	WT	
individuals	displayed	the	same	level	of	GRMZM2G333833	expression	as	ina	individuals,	where	
this	 gene	 is	 deleted,	 it	 can	 be	 assumed	 that	 this	 gene	 is	 not	 expressed	 in	 the	 tissue	 and	
conditions	analysed	for	WT	individuals.	As	has	been	observed	in	rice	(165),	ZmSTR2	is	induced	
by	 inoculation	with	R.	 irregularis	 in	WT	 individuals,	 and	 this	 is	 seen	 at	 both	 time-points,	
though	the	induction	is	more	pronounced	at	9wpi.	As	is	expected,	ina	individuals	displayed	
no	expression	of	STR2	 in	either	 condition.	At	4wpi,	 the	F-box	kelch	 repeat-encoding	gene	
GRMZM2G035222	 is	 expressed	 at	 the	 same	 level	 in	 mycorrhizal	 and	 non-inoculated	WT	
individuals,	though	at	9wpi	there	is	an	increase	in	expression	under	the	mycorrhizal	condition.	
Again,	ina	individuals	show	no	expression	of	this	gene	under	any	condition,	supporting	the	
presence	of	a	deletion	spanning	GRMZM2G035222	(Figure	4.7).		
The	expression	profiles	for	these	three	candidate	genes	have	been	described	in	various	maize	
tissue	types.	These	were	consulted	to	attempt	to	shed	 light	on	the	possible	 functions	and	
expression	locations	of	these	genes.	All	three	candidate	genes	are	reported	to	be	expressed	
in	a	number	of	organs,	including	expression	in	leaf	tissue	(Appendix:	Figure	A4)	(306).		
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4.2.9	 qRT-PCR	analysis	of	candidate	genes	in	a	nurse	plant	system	
	
It	is	unsurprising	to	see	a	lack	of	induction	of	ZmSTR2,	a	transcript	known	to	accumulate	in	
mycorrhizal	 roots,	 in	 ina	 individuals,	 as	 these	 plants	 support	 no	 colonisation	 and	 are	
comparable	to	WT	non-inoculated	individuals.	R.	irregularis	colonisation	of	ina	individuals	can	
be	 enabled	 by	 the	 growth	 of	 ina	plants	 in	 a	 nurse-plant	 system	with	WT	plants	 (Chapter	
3.1.2.2).	 This	 provides	 an	opportunity	 to	observe	 gene	expression	of	 the	 candidate	 genes	
within	 colonised	 ina	 root	 tissue,	 thus	 expression	 of	 these	 candidates	was	 assessed	 under	
nurse	plant	systems	at	9wpi.	For	this	experiment,	the	expression	of	RiEF1α,	as	confirmation	
of	 fungal	 quantity,	 and	 the	 mycorrhizal-specific	 phosphate	 transporter	 ZmPT6	were	 also	
analysed	to	better	understand	the	functioning	of	the	symbiosis	inside	colonised	ina	roots.		
The	biological	 individuals	analysed	 for	 this	experiment	were	those	displayed	 for	 the	nurse	
plant	quantification	in	Chapter	3.1.2.2	(Figure	3.3F).	In	these	individuals,	WT	plants	grown	in	
a	monoculture	supported	97%	average	total	colonisation,	 ina	plants	grown	with	WT	nurse	
Figure	 4.7:	 qRT-PCR	 expression	 analysis	 of	 deletion	 candidate	 genes	 in	WT	 and	 ina	 individuals	 under	
mycorrhizal	 and	 non-inoculated	 control	 conditions	 at	 4wpi	 and	 9wpi.	 The	 individuals	 analysed	 for	
expression	 of	 candidate	 genes	were	 three	WT	mycorrhizal	 (+Ri)	 and	 non-inoculated	 (-Ri),	 and	 three	 ina	
inoculated	and	non-inoculated	individuals	at	4wpi	and	9wpi	time-points	(Figure	3.1).	Expression	of	candidate	
genes	was	normalised	to	ZmGAPDH,	ZmCYP,	and	ZmActin	for	all	samples.	Biological	samples	analysed	were	
those	used	for	colonisation	quantification	in	Figure	3.1E	–	(Average	total	colonisation:	4wpi	WT	–	50%,	4wpi	
ina	–	0,	9wpi	WT	–	91%,	9wpi	ina	–	0).	 
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plants	 supported	 69%	 average	 total	 colonisation,	 and	 ina	plants	 grown	 in	 a	monoculture	
displayed	no	colonisation	(Figure	3.3F).			
Expression	of	the	chloride	channel-encoding	gene	GRMZM2G333833	was	once	again	very	low	
under	all	conditions	(Figure	4.8).	STR2	expression	likewise	followed	the	same	trends	seen	in	
the	previous	expression	analysis,	with	no	expression	 in	 ina	 individuals	with	or	without	the	
presence	of	WT	nurse	plants,	an	expected	result	due	to	the	deletion	of	this	gene	in	the	ina	
genome.	Despite	the	fact	that	this	experiment	was	harvested	at	9wpi,	there	was	not	a	striking	
induction	of	the	F-box	kelch	repeat-encoding	gene	in	mycorrhizal	WT	conditions	compared	to	
WT	individuals	not	inoculated	with	R.	irregularis.		
The	phosphate	transporter-encoding	PT6	displayed	an	expected	induction	in	WT	individuals	
(97%	total	colonisation)	inoculated	with	R.	irregularis	compared	to	a	lack	of	expression	in	non-
inoculated	WT	plants	(0	total	colonisation).	Interestingly,	there	was	very	low	expression	of	
this	gene	in	 ina	 individuals	grown	with	a	WT	nurse	plant	(Figure	4.8),	despite	the	fact	that	
internal	 fungal	 structures	 are	 present	 in	 these	 plants	 (69%	 total	 colonisation).	 A	 delayed	
expression	of	OsPT11,	the	homolog	of	ZmPT6,	is	observed	in	osstr1	mutant	individuals,	with	
expression	only	observed	at	7wpi	in	mutants	despite	expression	at	3wpi	in	WT	plants	(165).	
Despite	the	late	time-point	for	this	experiment,	the	lack	of	ZmPT6	induction	in	ina	individuals	
may	therefore	be	explained	not	only	by	the	fact	that	these	plants	harbour	few	arbuscules,	
average	 52%	 compared	 to	 94%	 arbuscule	 quantification	 in	 inoculated	WT	 monocultured	
individuals,	but	also	due	to	a	delayed	colonisation	caused	by	the	need	for	the	presence	of	a	
WT	 nurse	 plant	 for	 fungal	 penetration	 of	 ina,	 causing	 an	 even	 greater	 delay	 to	 ZmPT6	
induction.	Expression	of	the	R.	irregularis	elongation	factor	RiEF1α	is	lower	in	ina	individuals	
where	colonisation	is	enabled	by	WT	nurse	plants	than	in	WT	inoculated	plants	grown	in	a	
monoculture	(Figure	4.8),	a	result	consistent	with	the	low	colonisation	level	observed	in	these	
plants	(Chapter	3.1.2).	
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4.3	 Discussion	
	
This	positional	cloning	analysis	utilised	SNP	markers	in	the	maize	genome	to	narrow	down	the	
region	containing	INA	and	subsequently	identified	a	large	deletion	in	ina	mutant	individuals	
using	PCR	amplification.	It	is	likely	that	the	 ina	mutant	phenotype	is	therefore	caused	by	a	
large	deletion	of	roughly	110	kb,	and	this	deletion	contains	three	gene	models.	Experimental	
evidence	has	been	gathered	on	each	of	these	gene	models	to	identify	a	potential	candidate	
for	INA.	However,	although	ZmSTR2	is	one	of	these	genes	and	is	an	interesting	candidate,	it	
has	not	been	possible	to	identify	which	of	these	three	genes,	if	any,	is	a	clear	candidate	for	
INA.		
The	 original	 seed	 population	 where	 the	 ina	mutation	 likely	 arose	 contained	 active	Mu	
elements	 (240),	 and	 activity	 from	Mu	 elements	 are	 known	 to	 cause	 rearrangements	 and	
Figure	 4.8:	 qRT-PCR	expression	 analysis	 of	 INA	 candidate	 genes	 in	 nurse	plant	 systems.	 Expression	of	 the	
chloride	channel,	STR2,	and	F-box	Kelch	protein-encoding	genes,	phosphate	transporter	ZmPT6	and	R.	irregularis	
elongation	factor	RiEF1α	were	analysed	following	9wpi.	Individuals	analysed	were	monocultured	WT	plants	with	
(+Ri)	 and	without	 (-Ri)	R.	 irregularis	 fungal	 inoculum,	 ina	plants	 grown	with	WT	nurse	 plants	 (+Ri),	 and	 ina	
monocultured	plants	with	(+Ri)	and	without	(-Ri)	fungal	inoculum.	Expression	levels	of	these	genes	of	interest	
were	normalised	 to	ZmGAPDH,	ZmCYP,	and	ZmActin	 for	all	samples.	Biological	samples	analysed	were	 those	
used	for	colonisation	quantification	in	Figure	3.3F	–	(Average	total	colonisation:	WT	monocultured	individuals	
(+Ri):	97%,	WT	monocultured	individuals	(-Ri):	0,	 ina	 individuals	grown	with	WT	NPs:	69%,	 ina	monocultured	
individuals	(+Ri):	0,	ina	monocultured	individuals	(-Ri):	0).	 
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deletions	around	the	site	of	their	insertion	in	the	host	DNA	(307).	It	is	thus	possible	that	the	
action	of	these	transposable	elements	caused	this	large	deletion	identified	in	ina.	This	mutant	
phenotype	has	of	yet	only	been	observed	in	one	genetic	background,	which	resulted	from	
crossing	W22	 and	 B73	 individuals	 and,	 though	 both	 inbred	 lines	 have	 well-characterised	
reference	 genomes	 (220,	 222),	 it	 would	 be	 advantageous	 to	 further	 backcross	 the	 ina	
mutation	fully	into	one	or	both	of	these	lines	to	observe	the	effect	of	background	genotype	
on	the	ina	phenotype.	It	is	also	recommended	to	cross	this	newly	observed	mutation	into	a	
number	 of	 additional	 diverse	 inbred	 lines,	 as	 the	 presence	 of	 modulators	 of	 mutant	
phenotype	may	differ	between	inbred	lines	of	maize	(308).	
It	has	not	yet	been	possible	to	establish	which	of	the	three	genes	are	the	cause	of	the	AM	
symbiotic	phenotype.	Another	possibility	is	that	the	cause	of	the	mutant	phenotype	may	be	
the	 removal	 of	 a	 regulatory	 region,	 rather	 than	 the	 direct	 removal	 of	 one	 of	 these	 gene	
candidates.	However,	the	mapping	and	candidate	gene	analysis	has	revealed	that	the	known	
symbiosis	 gene	 STR2	 is	 deleted	 in	 ina	 individuals,	 and	 that,	 as	 with	 previously	 described	
mutants	of	 str1	 (165),	 this	has	an	effect	on	 the	expression	 level	of	 the	 symbiosis-induced	
phosphate	transporter	PT6.	This	 information,	taken	with	the	stunted	arbuscule	phenotype	
described	in	Chapter	3	that	is	characteristic	of	the	STR	mutants,	supports	a	lack	of	STR2	gene	
activity	in	ina	that	should	be	confirmed.		
What	has	yet	to	be	understood	is	the	gene	behind	the	pre-symbiotic	phenotype	whereby	R.	
irregularis	is	unable	to	colonise	ina	roots.	There	is	a	discrepancy	between	the	phenotype	seen	
here	and	the	described	phenotypes	of	STR	mutants	in	other	plant	species	(165,	166).	This	may	
be	because	of	a	difference	in	how	maize	regulates	its	interactions	with	AM	fungi,	as	the	STR	
mutant	phenotypes	have	not	yet	been	examined	in	maize.	It	seems	unlikely	that	STR2	could	
cause	the	observed	phenotype,	as	there	is	no	detectable	level	of	STR2	transcripts	in	roots	not	
inoculated	with	R.	irregularis,	and	evidence	from	Chapter	3	has	identified	that	exudates	from	
WT	plants	 not	 provided	with	R.	 irregularis	 inoculum	 are	 still	 able	 to	 complement	 the	 ina	
mutant	 phenotype	 and	 enable	 colonisation	 in	 these	 plants.	 Due	 to	 the	 nature	 of	 this	
mutation,	where	multiple	 genes	 are	 deleted	 in	 ina	 individuals,	 it	 is	 possible	 that	 the	 pre-
symbiotic	phenotype	 is	 caused	by	an	additional	gene.	Thus	 the	chloride	channel-encoding	
GRMZM2G333833	or	F-box	repeat	kelch-encoding	GRMZM2G035222	could	be	required	for	
pre-symbiotic	interactions	and	initial	colonisation	by	R.	irregularis.	In	this	scenario,	the	overall	
ina	phenotype	is	a	product	of	the	additive	effects	of	two	different	deleted	genes	involved	in	
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distinct	aspects	of	the	AM	symbiosis;	a	mutated	gene	involved	in	pre-symbiotic	signalling,	and	
ZmSTR2,	causing	a	stunted	arbuscule	phenotype	when	the	fungus	is	enabled	entry	by	external	
signals	from	WT	nurse	plants.		
Forward	genetics	screens	have	the	potential	to	reveal	entirely	new	components	of	the	AM	
symbiosis.	Positional	cloning	carried	out	on	the	ina	phenotype	identified	in	a	screen	for	AM	
mutants	has	revealed	a	unique	phenotype	caused	by	a	large	deletion.	Further	experiments	
are	required	to	identify	which	gene	underlies	the	pre-symbiotic	phenotype,	though	this	study	
on	 the	 ina	mutant	has	 revealed	a	novel	mechanism	of	pre-symbiotic	 signalling	 in	 the	AM	
symbiosis.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 98	
CHAPTER	5	
	
General	discussion	
	
5.1		 	 The	ina	phenotype	is	impaired	in	pre-symbiotic	communication		
	
Plant	mutants	with	 an	 AM	phenotype	 that	 results	 in	 severely	 reduced	 or	 the	 absence	 of	
colonisation	may	 be	 interpreted	 as	 harbouring	 an	 impairment	 in	 pre-symbiotic	 signalling,	
resulting	in	the	collapse	of	communication	between	plant	and	fungal	partner.	This	was	found	
to	be	the	case	for	a	number	of	mutants	such	as	d14l,	cerk1,	and	nope1,	and	the	roles	of	these	
mutants	in	pre-symbiotic	signalling	has	since	been	explored	(33,	82,	91).	The	ina	phenotype	
falls	into	the	pre-symbiotic	category,	and	its	severity	is	comparable	to	the	complete	block	in	
colonisation	that	is	visible	in	d14l	mutants,	where	the	fungus	does	not	produce	hyphopodia	
and	makes	no	attempt	to	penetrate	mutant	roots	(91).	In	comparison,	cerk1	roots	enable	the	
formation	of	fungal	hyphopodia	and	are	capable	of	hosting	low	levels	of	internal	colonisation	
(81),	 and	nope1	 roots	 can	 be	 seen	 to	 host	 hyphopodia,	 though	 penetration	 attempts	 are	
aborted	(33).	
The	 clear	 difference	 in	 phenotype	 between	d14l	and	 ina	 is	 observable	 under	 nurse-plant	
experimental	conditions,	where	the	presence	of	WT	plants	is	unable	to	rescue	colonisation	of	
d14l	 (91)	but	complements	 the	pre-symbiotic	phenotype	of	 ina.	This	 is	comparable	 to	 the	
nope1	phenotype,	where	the	presence	of	WT	nurse-plants	provides	the	required	signal	for	R.	
irregularis	to	fully	colonise	nope1	roots	despite	the	 lack	of	a	GlcNAc-like	signal	from	these	
plants	(33).		
The	 use	 of	 this	 nurse-plant	 experiment	 enabled	 the	 directionality	 of	 impairment	 to	 be	
established	in	ina	individuals.	It	is	hypothesised	that	a	component	required	for	R.	irregularis	
colonisation	of	maize	that	is	not	produced	or	exuded	by	ina	plants	is	provided	by	WT	nurse-
plants,	enabling	the	observed	ability	of	the	fungus	to	enter	mutant	roots.	Interestingly,	this	
signal	appears	to	be	produced	by	rice	roots,	as	growth	of	ina	maize	plants	with	WT	rice	plants	
also	provides	R.	irregularis	with	sufficient	pre-symbiotic	signal	to	penetrate	and	colonise	ina	
roots.	This	information	could	mean	that	the	compound	missing	from	ina	plants	is	produced	
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by	at	least	other	monocotyledonous	plants,	and	it	would	be	interesting	to	identify	whether	a	
range	of	diverse	plant	lineages	are	also	able	to	complement	the	ina	phenotype	by	acting	as	
WT	donors	of	this	compound.		
	
5.2	 	The	 ina	 individuals	 may	 produce	 root	 exudates	 lacking	 in	 a	 component	
required	for	AM	fungal	colonisation	
	
The	 hypothesis	 that	 ina	 is	 lacking	 a	 required	 component	 for	 AM	 fungal	 colonisation	 is	
supported	by	data	from	root	exudate	experiments,	where	WT	maize	exudates	were	collected	
and	 provided	 to	 ina	 mutants,	 enabling	 colonisation	 of	 ina	 individuals.	 A	 number	 of	
compounds	have	been	identified	with	the	ability	to	stimulate	AM	fungal	spores	in	the	form	
of	germination	and	increased	hyphal	branching	(33,	39,	55,	60).	Research	into	the	effect	of	
plant	root	exudates	on	AM	fungal	spores	has	identified	that	multiple	distinct	compounds	are	
likely	to	act	as	branching	signals,	and	that	these	signals	show	differences	in	activity	based	on	
plant	phosphate	status	and	genotype	(26,	263).		
During	the	pre-symbiosis,	signals	generated	by	the	plant	may	be	constitutively	produced	in	a	
‘one-way’	system,	or	their	synthesis	may	be	induced	by	the	proximity	of	the	fungal	symbiont,	
a	‘two-way’	system,	where	the	signal	is	produced	as	a	response	to	the	fungal	partner’s	own	
signals.	 The	 existence	 of	 constitutive	 signals	 from	 plant	 to	 fungus	 has	 been	 shown	 using	
exudate	experiments,	in	which	plants	that	had	received	no	exposure	to	AM	fungi	were	still	
able	 to	 elicit	 a	 response	 in	 fungal	 spores	 (26,	 33).	 Signals	 such	 as	 flavonoids	 are	 a	 staple	
component	of	root	exudates	and	likely	act	as	a	constitutive	signal	(309).	SLs	may	act	as	an	
example	of	both	of	these	scenarios,	as	they	are	constitutively	produced	and	exuded	into	the	
rhizosphere,	yet	the	perception	of	fungal	COs	and	LCOs	increases	SL	production	by	the	plant,	
increasing	the	strength	of	signal	from	plant-to-fungus	(270).	The	NOPE1-controlled	exudation	
of	a	GlcNAc-like	compound	can	also	be	viewed	as	an	example	of	constitutive	signalling	due	to	
a	 basal	 expression	 of	 this	 transporter	 in	 non-inoculated	 plants,	 though	 like	D14L,	 NOPE1	
transcription,	 and	 hence	 signal	 strength,	 is	 induced	 in	 the	 presence	 of	R.	 irregularis	 (33).	
Experimentation	from	this	study	has	shown	that	WT	plants	that	have	not	been	exposed	to	R.	
irregularis	spores	rescue	the	ina	phenotype	and	enable	fungal	colonisation	of	these	mutant	
roots.	These	‘naïve’	WT	root	systems	with	no	exposure	to	fungal	partners	still	produce	this	
compound	that	may	be	collected	and	used	to	rescue	the	ina	phenotype.	This	is	an	important	
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discovery	as	it	strongly	implies	that	the	signal	provided	to	AM	fungi	that	is	likely	missing	from	
ina	exudates	is	constitutively	exported	into	the	rhizosphere.		
SLs	are	a	core	pre-symbiotic	component	required	to	prime	AM	fungi	 for	colonisation	(39).	
Observations	 of	 the	 phenotype	 of	 ina	 plants	 seem	 to	 rule	 out	 erroneous	 production	 or	
exudation	 of	 SLs,	 as	 SL	 biosynthetic	 pathway	 mutants	 are	 capable	 of	 enabling	 internal	
colonisation	 by	 AM	 fungi	 (45,	 47),	 and	mutants	 of	 this	 pathway	 display	 an	 above-ground	
branching	phenotype	that	 is	not	observed	 in	 ina	plants	(165).	Additionally,	SL	biosynthetic	
mutants	have	been	studied	for	their	arbuscule	phenotype,	and	it	has	been	established	that,	
in	these	mutants,	arbuscule	formation	and	lifespan	is	WT	(165,	310).	The	stunted	arbuscule	
phenotype	observed	in	ina	individuals	would	add	weight	to	the	evidence	against	a	defect	in	
SL-related	processes	in	these	plants.	Nonetheless,	AM	fungal	colonisation	of	SL	mutants	has	
not	yet	been	studied	in	maize	to	identify	whether	these	plants	would	still	host	colonisation.	
The	arbuscule	stunting	and	the	strong	pre-symbiotic	phenotype	may	be	caused	by	different	
genes	located	within	the	deletion	in	ina.	Due	to	this,	it	is	plausible	that	one	of	the	three	genes	
located	within	the	deletion	identified	in	ina	is	involved	in	SL	biosynthesis	or	exudation.	It	was	
therefore	worth	establishing	whether	rice	nurse	plants	defective	in	production,	and	therefore	
exudation,	of	 SLs,	 could	 rescue	 the	 ina	phenotype	 in	 the	 same	way	 that	WT	maize	plants	
could.	 As	 growth	of	 rice	 SL	 biosynthesis	mutants	d10	and	d27	with	 ina	plants	 did	 indeed	
enable	R.	 irregularis	to	colonise	 ina	 individuals,	 it	 is	very	 likely	that	the	compound	missing	
from	 ina	exudates	 is	not	a	SL	 (Chapter	3).	 If	 the	 ina	phenotype	was	caused	by	a	defect	 in	
production	or	exudation	of	SLs,	adding	additional	nurse	plants	that	were	unable	to	provide	
SLs	for	fungal	germination	and	colonisation	would	be	unlikely	to	complement	ina.		
There	is	strong	evidence	against	SLs	as	the	missing	component	from	ina	exudates,	and	it	is	
also	possible	to	discount	other	known	stimulatory	compounds	as	candidates	for	the	missing	
signal.	Flavonoids	are	acknowledged	to	be	a	non-essential	signal	for	colonisation	of	plants	by	
AM	fungi	 (58),	and	nope1	mutants	 impaired	 in	exporting	a	required	GlcNAc-like	signal	still	
enable	the	formation	of	hyphopodia	on	root	surfaces	(33).	The	severe	ina	phenotype	would	
thus	suggest	 that	 the	missing	signal	 is	neither	of	 these	contenders,	 though	this	cannot	be	
entirely	ruled	out	without	further	evidence.	The	effect	of	FAs,	known	to	stimulate	AM	fungal	
spores	 (59,	 60),	 on	 fungal	 colonisation	 has	 not	 been	 studied	 through	 the	 use	 of	 plant	
biosynthetic	 mutants,	 and	 thus	 it	 is	 unknown	 how	 a	 lack	 of	 exuded	 FAs	 would	 affect	
colonisation.	Research	using	fractionated	root	exudates	found	that	a	number	of	components	
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of	these	exudates	likely	have	an	effect	on	AM	fungal	spores,	suggesting	that	there	are	several	
stimulatory	compounds	that	may	act	as	plant-derived	signals	to	AM	fungi	(26),	and	it	may	be	
the	case	that	ina	is	a	previously	undescribed	activating	compound.	
There	 is	 no	 reason	 to	 believe	 that	 the	 procession	 of	R.	 irregularis	 into	 the	 cortex	 of	 ina	
individuals	following	penetration	is	impaired.	Nurse-plant	complemented	ina	individuals	are	
capable	of	hosting	high	colonisation,	despite	a	reduction	compared	to	WT	levels.	The	severely	
low	colonisation	levels	observed	in	ina	individuals	complemented	by	addition	of	WT	exudates	
may	be	due	to	the	fact	that	merely	adding	the	required	compound	to	the	growth	medium	is	
not	optimal	compared	to	a	sustained	signal	emanating	from	a	plant	root	system,	causing	a	
reduction	 in	 hyphae	 reaching	 plant	 roots	 and	 forming	 hyphopodia.	 A	 correlation	 has	
previously	been	identified	between	number	of	fungal	entry	points	and	colonisation	level	(57),	
and	perhaps	 in	 this	exudate	complementation	experiment	R.	 irregularis	 is	 forming	a	small	
number	of	hyphopodia	for	entry	due	to	a	low	or	unsustained	concentration	of	required	signal.		
	
5.3	 R.	irregularis	spores	display	distinct	transcriptomic	responses	to	ina	and	WT	
root	exudates	
	
Due	to	the	increasing	data	available	on	AM	fungal	genomes	and	transcriptomes	(149,	181),	
research	into	compounds	that	activate	AM	fungal	spores	during	pre-symbiosis	are	frequently	
utilising	RNA-Sequencing	technologies	to	gain	an	insight	into	the	transcriptomic	responses	of	
the	fungus	to	the	presence	of	a	plant	partner	or	to	specific	compounds	known	to	stimulate	
spores.	A	transcriptomics	analysis	of	R.	irregularis	spores	exposed	to	exudates	collected	from	
WT	 and	 nope1	 plants	 was	 instrumental	 in	 demonstrating	 that	 the	 fungal	 transcriptome	
displays	different	responses	to	plant	mycorrhizal	mutants	(33).	Fungal	spore	responses	to	the	
stimulatory	 compounds	 GR24	 and	 palmitoleic	 acid	 have	 also	 been	 assessed	 through	
transcriptomic	analyses,	and	distinct	transcriptional	responses	to	these	different	compounds	
were	observed	(60,	63).		
The	 transcriptomics	analysis	 carried	out	 for	 this	 thesis	echoed	 results	 from	assessment	of	
nope1	(33).	In	both	analyses,	the	incubation	of	spores	with	plant	root	exudates	caused	the	
induction	 of	 transcripts	 associated	 with	 GO	 terms	 linked	 to	 metabolic	 processes	 when	
compared	to	responses	observed	in	spores	that	were	not	exposed	to	exudates.	Incubation	
with	WT	and	nope1	exudates	caused	a	largely	overlapping	response	in	spores	when	treatment	
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lasted	 for	 1h,	 though	 the	 transcriptomic	 response	diverged	 considerably	 at	 24h	 (33).	 This	
observation	was	echoed	in	this	study	using	WT,	nope1,	and	ina	exudates,	and	suggests	that	
perhaps	spores	initially	respond	to	germination	signals	from	exudates,	and	that	the	genotype-
specific	responses	and	fine-tuned	recognition	of	a	suitable	host	occurs	after	more	prolonged	
incubation	 with	 exudates,	 in	 this	 case	 following	 24h.	 Even	 following	 24h	 of	 exudate	
treatment,	 a	 considerable	 overlap	 of	 induced	 transcripts	 was	 observed	 in	 WT	 and	 ina	
exudate-treated	 spores	 compared	 to	 the	 0h	 response.	 Among	 these	 transcripts	 were	 a	
number	of	SL-responsive	transcripts	identified	in	a	study	that	treated	R.	irregularis	spores	to	
GR24	(63).	This	implies	that	a	basal	response	to	the	presence	of	plant	exudates	is	intact	in	ina	
exudate-treated	spores,	and	adds	further	evidence	against	any	hypotheses	that	SL	signalling	
is	impaired	in	ina	plants.		
Direct	 comparisons	between	WT	and	 ina	exudate-treated	 spores	 revealed	 few	 transcripts	
that	 were	 differentially	 expressed	 between	 the	 two	 treatments	 at	 1h,	 again	 reflecting	 a	
generic	response	to	the	presence	of	root	exudates.	Following	24h	of	treatment,	a	stronger	
transcriptional	response	was	observed	in	spores	treated	to	WT	root	exudates	compared	to	
ina	exudate-treated	spores,	and	these	exclusively	WT	exudate-responsive	transcripts	were	
associated	with	GO	 terms	 for	 transport,	 including	 lipid	and	cation	 transport	 terms.	This	 is	
notable	 data	 when	 considering	 the	 hypothesis	 that	 the	 ina	 phenotype	 is	 caused	 by	 the	
absence	 of	 a	 required	 pre-symbiotic	 compound,	 as	 WT	 exudate-treated	 spores	 may	 be	
importing	 an	 exudate-borne	 signal	 or	 sustenance.	 Although	 this	 enrichment	 of	 GO	 terms	
associated	with	 lipid	 transport	 in	WT	 exudate-treated	 spores	 over	 those	 subjected	 to	 ina	
exudates	is	interesting	data,	it	is	worth	reading	these	results	cautiously.	GO	term	assignment	
in	R.	irregularis	must	not	be	leaned	upon	too	heavily,	as	it	only	illuminates	the	functions	of	a	
portion	of	the	total	fungal	transcripts,	and	hence	only	provides	a	snapshot	of	information.	A	
large	 number	 of	 transcripts	 appear	 to	 be	 unique	 to	 R.	 irregularis	 and	 difficult	 to	 assign	
function	to	using	conventional	GO	term-assignment	programs.		
Ultimately	 it	 appears	 that	 ina	 exudate	 treatment	 of	 spores	 causes	 a	 reduced	 volume	 of	
responsive	 transcripts	 compared	 to	WT	 exudate	 treatment,	 perhaps	 indicating	 a	 missing	
signal	 required	 for	 these	 spores	 to	 fully	 metabolically	 and	 physiologically	 prepare	 for	
colonisation	of	host	plants.	 Interestingly,	 despite	 the	 severe	phenotype	of	 ina	 individuals,	
treatment	of	spores	with	ina	exudates	still	causes	an	increase	in	metabolic	activity,	including	
the	induction	of	transcripts	involved	in	lipid	metabolism,	consistent	with	an	important	role	of	
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storage	 lipids	 in	 fungal	 spores	 (140,	 278).	 This	 data	 joins	 previous	 research	 into	 the	
transcriptomic	response	of	R.	irregularis	to	rice	nope1	mutants	in	highlighting	the	benefits	of	
understanding	 the	 fungal	side	of	AM	symbiotic	 interactions,	particularly	when	 it	comes	to	
assessing	AM	mutant	phenotypes	of	this	nature	(33).	
	
5.4	 	 The	ina	phenotype	supports	stunted	arbuscules	
	
Another	well-studied	 category	of	AM	mutant	phenotypes	encompasses	 those	 that	 enable	
entry	and	movement	of	AM	fungi	into	the	plant	roots,	but	host	the	formation	of	abnormal,	
stunted	arbuscules.	This	 category	of	mutant	phenotypes	 includes	 the	str	mutants	and	 the	
phosphate	 transporter	mutants	 such	 as	Ospt11/Mtpt4	which	 are	 attributed	 to	 erroneous	
nutrient	signalling	(101,	121,	165).	This	thesis	has	described	a	maize	mutant	phenotype	that	
displays	both	a	pre-symbiotic	defect	 and	a	 stunted	arbuscule	phenotype.	 This	 is	 a	unique	
scenario	that	may	add	to	current	knowledge	on	two	stages	of	the	AM	symbiosis,	not	only	in	
maize,	but	in	other	model	systems	used	to	study	this	mutualistic	relationship.		
It	is	unclear	what	physiological	cause	is	behind	the	arbuscule	stunting	in	ina	plants.	Mutants	
of	the	phosphate	transporters	OsPT11/MtPT4	display	a	stunted	arbuscule	phenotype	that	is	
due	to	a	hastened	arbuscule	degeneration	(101).	It	is	difficult	to	dissect	this	data	by	studying	
stunted	arbuscules	within	 ina	due	to	the	necessity	to	grow	 ina	 individuals	 in	a	nurse-plant	
experiment	in	order	to	achieve	internal	colonisation,	as	it	is	not	known	when	the	fungus	starts	
to	penetrate	ina	roots	with	the	aid	of	WT	signals.			
As	well	as	shedding	light	on	pre-symbiotic	phenotypes,	nurse-plant	experiments	have	been	
utilised	 to	 understand	mutant	 phenotypes	 that	 display	 defects	 in	 the	 later	 stages	 of	 the	
symbiosis.	Mutants	of	rice	PAM-localised	receptor-like	kinase,	ark1,	display	reduced	vesicle	
formation	and	reduced	root	colonisation	visible	after	extended	 inoculation	periods.	When	
ark1	mutants	 are	 grown	alongside	WT	 rice	plants,	 vesicles	 and	 spore	production	 recover,	
indicating	an	involvement	of	this	receptor	in	fungal	fitness	(216).	The	rice	mutant	str1	that	
supports	 stunted	 arbuscules	 and	 reduced	 colonisation	may	 be	 co-cultivated	with	WT	 rice	
plants,	and	the	level	of	colonisation	in	these	mutant	plants	is	quantitatively	increased,	though	
the	stunted	arbuscules	are	retained.	As	the	WT	nurse	plants	likely	provide	nourishment	to	the	
fungus	through	extraradical	hyphae,	this	experiment	adds	valuable	information	on	the	str1	
mutant	phenotype,	which	is	likely	not	only	caused	by	a	general	lack	of	fungal	fitness	(165).	
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Additionally,	mutants	of	the	gene	RAM2,	which	is	 involved	in	the	mycorrhizal-specific	 lipid	
export	 pathway,	 have	been	 studied	 in	 a	 nurse-plant	 system.	 The	 ram2	 individuals	 display	
severely	 low	 colonisation,	 yet,	when	 grown	with	WT	 nurse-plants,	 colonisation	 levels	 are	
significantly	 improved.	These	mutants	also	harbour	stunted	arbuscules,	and,	unlike	the	str	
mutants,	 growth	 of	 ram2	with	WT	 nurse-plants	 restores	 normal	 arbuscule	 development,	
indicating	 the	 possible	 nutritive	 role	 of	 this	 lipid	 export	 pathway,	 where	 WT	 plants	 are	
fulfilling	the	required	nutritive	function	for	fungal	structures	within	mutant	plants	via	hyphal	
connections	(170).			
Although	the	str	mutants	have	not	been	studied	in	maize,	the	phenotype	of	ina	individuals	
that	support	colonisation	due	to	their	growth	with	WT	nurse-plants	does	phenocopy	that	of	
the	str	mutants	observed	 in	 rice	 (165).	This	 is	 seen	 in	 the	 reduced	colonisation	 levels	and	
stunted	arbuscules	within	ina	individuals	that	remain	even	when	the	fungus	is	linked	to	WT	
plants	through	extraradical	hyphae	in	a	nurse-plant	experimental	system.	This	observation	
suggests	that	the	perturbation	in	ina	plants	may	be	involved	in	signalling,	or	is	perhaps	caused	
by	 a	 lack	 of	 localised	 nutritive	 provisioning	 at	 the	 arbuscule	 that	 cannot	 be	 overcome	by	
transport	 of	 nutrients	 from	 outside	 of	 the	 plant,	 a	 hypothesis	 that	 has	 previously	 been	
considered	for	the	str	mutants	in	rice	(165).			
	
5.5	 	Is	 ina	caused	by	the	deletion	of	one	of	 the	three	candidate	genes	 located	
within	the	deleted	region?	
	
Association	 mapping	 of	 ina	 individuals	 revealed	 a	 roughly	 110	 kb	 deletion	 within	 these	
mutant	plants	 that	 encompasses	 three	 genes	 (Chapter	 4).	 Located	 in	 the	5’	 region	of	 the	
deletion	is	GRMZM2G333833,	predicted	to	encode	a	chloride	channel.	Ion	channels	with	a	
role	in	the	AM	symbiosis	have	previously	been	described,	including	the	potassium	channel	
DMI1	 that	 interacts	 with	 the	 nucleotide-gated	 CNGC15	 calcium	 channels	 (73,	 74).	 These	
channels	 are	 located	 at	 the	 nuclear	 envelope	 and	 facilitate	 colonisation	 by	 enabling	 the	
production	of	calcium	spiking	responses	in	response	to	recognition	of	pre-symbiotic	signals,	
leading	to	cellular	alterations	required	to	host	a	fungal	symbiont	(73).	However,	these	known	
channels	are	involved	in	the	perception	of	pre-symbiotic	fungal	signals,	and	ina	is	perturbed	
in	its	signalling	to	the	fungus.	There	is	no	obvious	role	for	an	ion	channel	in	the	production	or	
exudation	of	a	signal	from	plant	to	fungus,	unless	initial	perception	facilitated	via	ion	channels	
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was	perturbed	and	subsequently	so	was	exudation	of	a	mycorrhizal-induced	signal	required	
for	fungal	colonisation.	However,	due	to	evidence	from	complementation	experiments	using	
exudates	from	WT	plants	that	were	not	previously	exposed	to	R.	irregularis,	it	seems	unlikely	
that	the	signal	missing	from	ina	root	systems	first	needs	to	be	induced	by	the	presence	of	the	
fungus.	 Additionally,	 there	 is	 currently	 no	 evidence	 that	 ina	 experiences	 erroneous	
perception	of	the	fungal	symbiont,	as	fungal	colonisation	of	ina	is	possible	in	the	presence	of	
WT	nurse-plants.		
The	second	gene	within	this	deleted	region,	GRMZM2G035276,	is	the	homolog	of	rice	ABCG	
transporter	STR2,	as	described	previously	using	a	phylogenetic	tree	produced	using	the	rice	
STR	 and	 STR2	 genes	 (165).	 These	 transporters	 fall	 within	 a	 large	 protein	 family,	 the	 ABC	
transporters,	that	actively	transport	a	wide	range	of	substrates,	and	the	G	subfamily	are	half-
sized	transporters	that	oligomerise	to	form	a	full,	 functional	transporter	(311).	 In	plants,	a	
number	of	ABC	transporters	have	been	characterised	and	were	found	to	transport	a	range	of	
substrates	 such	 as	 cell-wall	 component	 suberin	 (167).	 One	 transporter	 described	 in	 P.	
hybrida,	the	full-sized	ABC	transporter	PDR1,	is	a	known	exporter	of	SLs	during	pre-symbiotic	
signalling	from	plants	to	AM	fungi	(48).	It	is	therefore	not	hard	to	imagine	the	biological	role	
of	an	ABCG	transporter	in	exporting	a	symbiotic	signalling	compound	into	the	rhizosphere.		
The	STR	genes	have	received	recent	attention	due	to	the	observation	that	they	appear	to	be	
specifically	required	for	the	AM	symbiosis	 in	the	most	recent	common	ancestor	of	all	 land	
plants,	and	have	been	lost	in	plant	lineages	that	cannot	form	a	mutualistic	relationship	with	
AM	fungi	(154,	312).	As	previously	discussed,	str	mutants	host	stunted	arbuscules	that,	in	rice,	
cannot	be	 rescued	by	 the	presence	of	WT	nurse-plants.	Though	 this	would	suggest	 that	a	
general	 lack	of	 fungal	nutrition	 could	be	 ruled	out,	 it	 is	 still	 possible	 that	a	 local	 signal	or	
nutrient	is	required	at	the	branching	tips	of	arbuscules	(165).	If	the	STR	transporters	were	to	
have	a	role	in	pre-symbiotic	signalling,	perhaps	they	would	be	required	for	local	signalling	or	
nourishment	to	stimulate	hyphopodia	formation	at	a	stage	where	the	fungal	external	hyphae	
were	in	close	proximity	to	the	root.		
An	interesting	aspect	of	ZmSTR2	as	a	candidate	for	INA	is	the	fact	that	STR	and	STR2	are	widely	
considered	to	be	strong	candidates	for	the	movement	of	lipids	from	plant	to	fungus	across	
the	PAM	during	the	lipid	export	pathway	(153).	Considering	STR2	as	an	INA	candidate	for	the	
ina	pre-symbiotic	phenotype	would	involve	a	hypothesis	that	lipid	signalling	or	nourishment	
is	 required	during	 the	pre-symbiosis.	 It	 is	not	unfeasible	 that	 the	mycorrhizal-specific	 lipid	
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export	pathway	would	play	a	 role	 in	pre-symbiotic	 interactions,	as	hyphal	branching	of	R.	
irregularis	spores	has	been	successfully	induced	by	branched-chain	FAs	(60).	Indeed,	plants	
are	known	to	exude	fatty	acids	such	as	palmitic	acid	from	their	roots	(313),	and	it	has	been	
observed	that	the	parasitic	fungal	plant	pathogen	Golovinomyces	cichoracerum	requires	host-
derived	FAs	 for	colonisation	of	A.	thaliana	 (160).	 In	a	comparable	phenotype	to	 ina,	ram2	
plants,	defective	in	the	mycorrhizal	lipid	export	pathway,	have	been	described	with	very	low	
colonisation	 levels	 and	 erroneous,	 infrequent,	 hyphopodia	 whose	 number	 was	 increased	
through	the	addition	of	C16	lipids	(161,	162).	However,	this	hyphopodia	phenotype	was	not	
observed	in	additional	studies	of	the	ram2	phenotype	(156).	Such	low	colonisation	in	ram2	
individuals	could	be	attributed	to	reduced	fungal	fitness	and	proliferation	within	the	root	due	
to	a	reduced	supply	of	lipids,	though	it	is	not	implausible	to	consider	that	the	mycorrhizal-
specific	lipid	export	pathway	could	produce	specific	lipids	for	exudation	to	external	hyphae	
during	the	pre-symbiotic	stage	(161).	Nonetheless,	it	is	worth	noting	that,	although	the	genes	
involved	 in	 the	 lipid	 export	 pathway	 and	 the	 regulation	 of	 the	 STR	 genes	 have	 not	 been	
studied	 in	 maize,	 none	 of	 these	 mutants,	 such	 as	 ram1,	 ram2,	 fatb,	 and	 dis,	 have	 been	
recorded	as	essential	for	fungal	hyphal	penetration	or	entry	of	roots	(153,	156,	168).		
To	date,	 no	experimental	 evidence	has	 suggested	 a	 role	 for	 STR	or	 STR2	 in	 pre-symbiotic	
signalling.	 The	 localisation	 of	 STR	 and	 STR2	 also	 do	 not	 support	 a	 role	 of	 STR2	 in	 the	
presymbiosis,	as	an	exporter	of	a	signal	required	for	pre-symbiotic	interactions	would	likely	
localise	to	the	root	epidermis	in	order	to	export	a	signalling	compound	to	the	rhizosphere.	
Data	 from	M.	 truncatula	 observed	 localisation	 of	 STR	 and	 STR2	 at	 the	 PAM	 surrounding	
arbuscule	branches	using	a	split-YFP	system	(166,	314).	However,	this	system	is	limited	in	only	
assessing	 localisation	 of	 STR2	 in	 relation	 to	 its	 dimerisation	 with	 STR,	 and	 it	 is	 unknown	
whether	 STR2	 forms	 additional	 partnerships	 at	 alternate	 locations.	 In	 rice,	 root	 cell	 types	
were	collected	using	laser	microdissection	and	assessed	for	their	expression	of	STR	and	STR2.	
Expression	was	found	only	in	arbusculated	cortex	cells,	and	not	in	cortical	cells	that	did	not	
contain	 an	 arbuscule	 (165).	 Again,	 this	 approach	 may	 be	 limited	 in	 fully	 assessing	 the	
localisation	of	STR	and	STR2,	as	only	cortical	cells	were	the	only	root	cell	types	examined.	It	
may	therefore	be	interesting	to	assess	STR2	localisation	using	alternate	methods	that	may	
enable	its	identification	without	partnership	to	STR.		
The	 low	expression	 levels	of	 the	STR	genes	 in	non-inoculated	plants	and	their	subsequent	
induction	only	in	colonised	tissue	in	rice	would	argue	against	a	pre-symbiotic	role	(165)
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concurrence	with	this	 information,	overexpression	of	the	STR	genes	in	M.	truncatula	roots	
leads	to	the	accumulation	of	extracellular	lipid	polyesters,	demonstrating	the	capacity	of	the	
STR	proteins	to	transport	these	compounds,	yet	WT	and	str	plants	that	were	not	inoculated	
with	R.	irregularis	displayed	indistinguishable	compositions	of	cutin	monomers	(160).		Data	
presented	in	this	thesis	on	the	transcription	of	STR2	in	colonised	and	uncolonised	root	tissues	
of	maize	also	supports	an	undetectable	level	of	STR2	transcript	in	uncolonised	tissue,	and	a	
strong	induction	of	this	transcription	in	inoculated,	colonised	maize	tissue.	This	evidence	does	
not	align	with	a	role	of	STR2	in	pre-symbiotic	signalling,	as	the	potential	signal	that	is	lacking	
from	ina	exudates	appears	to	be	constitutively	produced	and	exuded.	It	is,	however,	possible	
that	a	small	number	of	exporters	could	be	responsible	for	sending	out	a	sustained	signal	and	
still	have	an	undetectable	amount	of	transcript.		
Whether	or	not	STR2	is	the	gene	behind	the	pre-symbiotic	defect	observed	in	ina	individuals,	
it	is	possible	that	deletion	of	STR2	in	these	plants	is	causing	the	stunted	arbuscule	defect.	As	
previously	mentioned,	 ina	 phenocopies	 str	mutants	 from	 rice	 in	 that	 it	 supports	 stunted	
arbuscules	that	remain	even	under	nurse-plant	conditions	(165).	The	homolog	of	OsSTR2	is	
deleted	 from	 ina	 plants	 and	 no	 ZmSTR2	 transcript	 can	 be	 detected	 under	 mycorrhizal	
conditions	 in	 ina	 individuals,	with	 or	without	 the	 presence	 of	 nurse-plants	 (Chapter	 4).	 It	
therefore	seems	likely	that	ina	is	defective	in	the	hypothesised	role	of	STR/STR2	in	exporting	
lipids	at	the	arbuscule	interface	to	the	fungal	symbiont	(153).		
It	 is	 worth	 considering	 the	 identification	 of	 antiSTR1,	 a	 possible	 cis-natural	 antisense	
transcript	 (NAT)	 complementary	 to	 the	STR1	gene	 in	 rice	 (165).	Cis-NATs	are	endogenous	
RNAs	transcribed	from	the	antisense	DNA	strand	of	the	genomic	loci	that	encodes	their	sense	
transcript	(315).	The	discovery	of	antiSTR1	brings	forth	questions	regarding	the	regulation	of	
the	 STR	 genes.	 If	 STR1	 is	 under	 regulation	 by	 a	 cis-NAT,	 perhaps	 STR2	 expression	 is	 also	
regulated	by	elements	that	bind	somewhere	within	the	deleted	region	in	ina	plants.	However,	
no	antiSTR2	cis-NAT	was	 identified	 in	 rice,	and,	as	cis-NATs	 target	 the	 transcript	 from	the	
same	 genomic	 loci	 that	 they	 are	 produced	 from,	 it	 is	 unknown	 whether	 the	 identified	
antiSTR1	 could	have	any	 regulatory	effect	on	STR2	expression	 (165).	 Still,	 the	question	of	
whether	the	ina	phenotype	is	caused	by	removal	of	regulatory	elements	or	their	binding	sites	
rather	than	the	deleted	genes	themselves	is	one	worth	considering.		
Toward	 the	3’	end	of	 the	deletion	 identified	within	 ina	 individuals	 is	GRMZM2G035222,	a	
predicted	kelch	repeat-containing	F-box	family	protein.	F-box	proteins	are	a	component	of	
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protein	 degradation	 mechanisms	 required	 for	 posttranslational	 regulation	 via	 the	
ubiquitination	 cascade.	 Kelch	 repeat-containing	 F-box	 proteins	 contain	 a	 kelch	 motif,	 a	
protein-protein	 interaction	domain	responsible	for	selective	degradation	of	proteins	(316).	
Kelch	repeat-containing	F-box	family	proteins	have	been	discovered	with	roles	in	the	AM	and	
rhizobial	symbioses.	TOO	MUCH	LOVE	(TML)	is	one	such	protein	that	localises	to	the	nucleus	
and	regulates	the	number	of	nodules	formed	in	leguminous	species	(317).	F-box	proteins	form	
a	 component	 of	 SCF	 complexes	 that	 mediate	 protein	 degradation,	 a	 mechanism	 that	
regulates	cellular	processes	and	signals	through	alteration	of	protein	levels	(85).	The	rice	F-
box	 protein	 D3	 is	 known	 to	 regulate	 the	 AM	 symbiosis	 by	 causing	 the	 degradation	 of	
SUPPRESSOR	OF	MAX2-1	(SMAX1).	SMAX1	acts	as	a	suppressor	of	AM	symbiosis	signalling	
programs,	and	hence	its	degradation	through	the	actions	of	a	complex	containing	D3	results	
in	the	activation	of	AM	signalling	in	the	plant	(318).	Transcriptomics	analyses	have	identified	
kelch	repeat-containing	and	kelch	repeat-containing	F-box	family	transcripts	induced	under	
mycorrhizal	 conditions,	 thus	 these	 proteins	 may	 have	 a	 strong	 role	 in	 regulating	 cellular	
changes	 required	 for	 the	 AM	 symbiosis	 (319-321).	 It	 is	 thus	 entirely	 possible	 that	 this	
particular	gene,	GRMZM2G035222,	forms	part	of	a	pre-symbiotic	signalling	pathway.	
	
5.6	 	 Future	perspectives	
	
The	most	pressing	question	raised	by	this	study	is	the	identification	of	the	gene	or	element	
causing	the	 ina	mutant	phenotypes.	It	must	be	established	whether	the	pre-symbiotic	and	
stunted	arbuscule	phenotypes	observed	 in	 ina	 individuals	are	 caused	by	one	gene	or	 two	
different	genes,	if	indeed	any	of	the	three	candidate	genes	are	responsible.	Alternatively,	a	
non-coding	 regulatory	 sequence	 located	 within	 the	 ina	 deletion	may	 be	 the	 culprit.	 This	
experiment	 is	 ongoing	 and	 involves	 the	production	of	 three	 independent	 knockout	maize	
lines	generated	via	CRISPR-Cas9	(226).	The	generation	of	these	knockout	lines	is	being	carried	
out	 by	 Corteva	 Agriscience	 (IA,	 US).	 The	 phenotyping	 of	 these	 lines	 through	 Trypan	 Blue	
quantification	of	colonisation	levels	would	aim	to	establish	whether	the	knockout	of	any	one	
of	these	genes	produced	a	pre-symbiotic	phenotype	that	phenocopies	ina.	It	would	then	be	
necessary	to	repeat	nurse-plant	and	exudate	complementation	experiments	in	an	attempt	to	
decouple	 the	 pre-symbiotic	 and	 stunted	 arbuscule	 phenotypes	 of	 ina,	 through	 examining	
whether	any	of	these	individual	lines	hosts	stunted	arbuscules.	It	would	also	be	beneficial	to	
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study	the	effect	of	these	novel	mutant	exudates	on	R.	irregularis	spores	by	utilising	marker	
genes	 identified	during	this	study	that	display	differential	expression	when	exposed	to	 ina	
and	WT	root	exudates.		
Understanding	 the	 alterations	 in	 pre-symbiotic	 signalling	 that	 may	 take	 place	 in	 ina	
individuals	can	be	assessed	from	the	perspective	of	the	plant.	This	could	be	facilitated	by	a	
transcriptomics	 analysis	 via	 RNA-Sequencing	 of	 ina	 individuals,	 and	 of	 any	 successfully	
phenotyped	 CRISPR-Cas9	 knockout	 lines.	 Studies	 of	 plant	 pre-symbiotic	 responses	 to	 the	
presence	of	an	AM	fungal	partner	frequently	require	treatment	of	WT	and	mutant	individuals	
with	fungal-derived	GSE,	analogous	to	analysing	transcript	expression	of	fungal	genes	through	
treatment	 of	 spores	 with	 root	 exudates.	 This	 would	 produce	 insight	 into	 whether	 ina	
individuals	differ	 in	their	 initial	perception	of	fungal	pre-symbiotic	signals,	and	 it	would	be	
valuable	to	include	nope1	mutants	in	such	an	analysis,	as	ina	and	nope1	are	both	involved	in	
plant-to-fungus	 pre-symbiotic	 signalling	 (33).	 Such	 an	 analysis	 could	 potentially	 provide	
information	that	could	place	the	function	of	INA	in	context	with	other	known	components	of	
pre-symbiotic	signalling,	such	as	d14l	(91).	However,	this	method	is	often	used	to	study	plant	
mutants	with	defective	pre-symbiotic	recognition	of	AM	fungi	(91,	322).	An	analysis	of	a	plant	
mutant	displaying	defective	 communication	 to	 the	 fungal	partner	would	bring	 challenges.	
Initial	perception	does	not	appear	to	be	perturbed	in	mutants	such	as	 ina	and	nope1,	and	
alterations	in	plant	transcriptomic	response	may	occur	only	due	to	a	knock-on	effect	caused	
by	insufficiently	activated	or	nourished	fungal	spores.	It	may	therefore	be	useful	to	carry	out	
a	 transcriptomics	 analysis	 of	 ina	 individuals	 that	 have	 been	 colonised	with	 the	 aid	 of	WT	
nurse-plants,	to	highlight	any	differences	in	transcriptomic	signature	compared	to	colonised	
WT	maize	plants.			
In	 order	 to	 understand	 whether	 the	 requirement	 for	 INA	 for	 pre-symbiotic	 signalling	 is	
conserved	among	hosts	of	AM	fungi,	it	would	be	worth	conducting	phylogenetic	analyses	of	
the	gene	in	question,	and	perhaps	exploring	mutant	phenotypes	in	other	plant	systems.	In	
addition,	 studying	 plant	 AM	phenotypes	with	multiple	 species	 and	 genera	 of	 AM	 fungi	 is	
informative	 in	understanding	 the	 role	of	 the	gene	 in	question	 (33,	165).	For	example,	 the	
effect	of	flavonoids	on	fungal	spore	germination	and	hyphal	growth	differs	between	genera	
of	AM	fungi	(53),	and	the	observed	str	phenotype	in	rice	was	found	to	be	more	severe	when	
mutants	were	inoculated	with	G.	rosea	compared	to	inoculation	with	R.	irregularis	(165).	
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5.7	 	 Final	conclusions	
	
Phenotypic	characterisation	and	genetic	analyses	of	plant	mycorrhizal	mutants	have	revealed	
a	great	deal	about	the	molecular	machinery	required	for	plants	to	attract	and	host	AM	fungi	
(101,	165).	The	 identification	of	 the	d14l	mutant	opened	up	a	new	signalling	pathway	 for	
further	study	(91),	studies	 into	the	nope1	mutant	 identified	a	novel	signal	required	by	AM	
fungi	for	colonisation	of	host	roots	(33),	and	recent	research	into	plant	genes	required	for	a	
mycorrhizal-specific	 lipid	 export	 pathway	 has	 surged	 forward	 the	 understanding	 of	 AM	
symbiotic	nutrition	(153,	156,	157).	This	study	set	out	to	identify	the	causal	gene	behind	a	
novel	mycorrhizal	mutant	in	maize.		
This	thesis	describes	the	successful	identification	of	a	deleted	region	cosegregating	with	the	
ina	mutant	phenotype,	achieved	through	positional	cloning.	This	study	has	resulted	 in	the	
identification	of	 three	candidate	genes	 located	within	a	deletion	 in	 ina	plants,	 including	a	
known	component	of	the	AM	symbiosis,	STR2.		Despite	the	requirement	for	further	research	
into	this	mutant	phenotype	and	the	generation	of	independent	knockout	lines,	this	study	has	
provided	 a	 strong	 understanding	 of	 the	 ina	 phenotype	 and	 has	 taken	 steps	 toward	
characterising	 the	 symbiotic	 function	 that	 may	 be	 missing	 from	 these	 plants.	 Due	 to	
experimentation	 carried	 out	 for	 this	 thesis,	 it	 is	 understood	 that	 INA	 functions	 in	 pre-
symbiotic	 interactions	 where	 it	 is	 likely	 required	 for	 plant-to-fungus	 signalling.	 This	 was	
highlighted	 by	 a	 transcriptomics	 analysis	 of	 R.	 irregularis	 spores	 that	 produce	 differing	
responses	to	WT	and	ina	root	exudates,	suggesting	the	absence	of	a	required	pre-symbiotic	
signal	 from	 ina	 exudates.	 In	 addition	 to	 the	 characterisation	 of	 the	 ina	 pre-symbiotic	
phenotype,	through	the	aid	of	nurse-plant	experiments,	a	stunted	arbuscule	phenotype	was	
also	 identified,	adding	 to	 the	complexity	of	 this	phenotype.	 It	 is	 clear	 that	 ina	 is	a	unique	
mycorrhizal	mutant,	and,	due	to	its	multifaceted	phenotype,	further	research	into	this	mutant	
that	builds	upon	the	discoveries	highlighted	here	may	provide	a	deeper	understanding	of	the	
molecular	underpinnings	of	the	AM	symbiosis.			
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Table	A1:	Hoagland’s	Solution	components	
Table	A2:	Maize	genotyping	primers	
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Figure	A1:	Genotyping	of	maize	material	segregating	for	nope1	(Primers:	Table	A2)	
Table	A3:	Maize	qRT-PCR	primers	
Figure	A2:	qRT-PCR	Program	
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Figure	A3:	KASP	PCR	Program	
Table	A4:	M	Media	components	
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Table	A5:	R.	irregularis	qRT-PCR	primers	
Figure	 A4:	 Expression	 of	 the	 three	 candidate	 genes	 GRMZM2G333833,	 GRMZM2G035276,	 and	
GRMZM2G035222	in	79	maize	organs.	Figure	obtained	from	MaizeGDB	(305),	produced	using	data	from	
Stelpflug	et	al.	(306).		
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